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  
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 
 
 
  
   
   



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































        










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



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
   
          

         
          
           

           



               
       

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
   

          



              


         
         






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
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       

            
  
  
     
              
          

   


            
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
           
 


          



          
          


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
 
             
         
  

           
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  
              



          
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           
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
           
        
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          
          

          
             
         
   
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
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        
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

         

     


        
 
             


           


           
            
        
  


           
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      

             

         
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Insight into the Cladonia convoluta-C. foliacea (Cladoniaceae,
Ascomycota) complex and related species, revealed through
morphological, biochemical and phylogenetic analyses
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Species boundaries are often not easy to establish in lichens of the genus Cladonia, where each species displays a great
morphological variability. Cladonia convoluta and C. foliacea are two commonly accepted, morphologically similar lichen
taxa. Molecular (nuclear ITS rDNA, rpb2 partial gene, cox1 partial gene), chemical and morphological characters were
used to elucidate the taxonomic rank of these taxa. Our analyses were carried out on material from several European
countries. Other related species, viz. C. firma, C. cervicornis and C. pulvinata were also studied. Maximum Parsimony,
Maximum Likelihood and Bayesian analyses were based on 71 ITS, 39 cox1 and 33 rpb2 sequences. Neither morphological
characters nor phylogenetic analyses gave evidence to delimit two taxa in the C. convoluta/C. foliacea complex; however C.
firma, C. cervicornis and C. pulvinata formed three distinct monophyletic groups.
Key words: Cladonia, lichen, ITS rDNA, rpb2, cox1, phylogeny, taxonomy
Introduction
Lichens show a great variability in the characters used
for taxonomy. The lichen genus Cladonia Hill ex Browne
comprises more than 400 species worldwide. They are in-
cluded inCladoniaceae, a family of lichenized Ascomycota
(Lumbsch & Huhndorf, 2007). Ahti (2000) noted that the
species of Cladoniaceae are highly variable in gross mor-
phology and this extreme variability is a major problem in
identifying these species.
The Cladonia species are characterized by having a
composite thallus, formed by a primary squamulose or
crustose thallus, and a secondary fruticose thallus com-
prised of erect stalks called podetia. The photobionts are
algae of the genusAsterochloris (Tschermak-Woess, 1989).
The main taxonomical features of the genus Cladonia
are the morphology and branching of the podetia, the
colour of apothecia, the presence and location of veg-
etative propagules and the chemical composition (Ahti,
2000). The species of Cladonia altogether contain about
60 different secondary compounds whose chemical na-
ture is varied: depsides, depsidones, dibenzofurans, ter-
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penes, quinone pigments and higher aliphatic acids (Ahti,
2000).
To study the genus Cladonia the taxonomists have usu-
ally divided it into several sections and subsections.Mattick
(1940) proposed the subsection Foliosae (Vainio) Mattick,
within the section Cladonia, when trying to set up the phy-
logeny of the genus and fixing infra-genus divisions. This
subsection included species with a predominant primary
thallus, such as:C. convoluta (Lam.)Anders,C. firma (Nyl.)
Nyl., C. foliacea (Huds.) Willd., C. prostrata A. Evans, C.
robbinsii A. Evans, and C. strepsilis (Ach.) Grognot. Nev-
ertheless, Huovinen et al. (1989) noted that this subsection
was rather heterogeneous from a chemical viewpoint. Ahti
(2000) reclassified these species according to the chemi-
cal compounds they contain. He proposed a new section,
Strepsiles, to include those taxa that biosynthesize depsides
by the β-orcinol pathway (C. strepsilis and C. robbinsii).
However, Stenroos et al. (2002) showed that the section
Strepsiles is not monophyletic (being based on ITSrDNA,
β-tubulin gene, morphological and chemical characters).
The remaining taxa in subsection Foliosae (C. convoluta,
C. foliacea, C. firma and C. prostrata) contain depsidones
and were moved by Stenroos et al. (2002) to section Clado-
nia based on morphological, chemical and molecular data.
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The phylogenetic relationships of C. firma with C. convo-
luta and C. foliacea are currently not known.
While C. firma is easily distinguishable from C. convo-
luta and C. foliacea, the latter two are very similar, both
morphologically and chemically. The primary thallus of C.
convoluta is squamulose and its squamules are slightly big-
ger than those of C. foliacea. Traditionally the length of
the squamules was used to differentiate these taxa (Vainio,
1894; Poelt, 1969; James, 2009). Both species contain us-
nic and fumarprotocetraric acid; although Burgaz & Ahti
(1994) reported a second chemotype of C. convoluta, con-
taining psoromic acid. Burgaz et al. (1993) had problems
with their identification because in the Iberian Peninsula in-
termediate thalli were found. On the other hand, C. foliacea
is usually associated with acid soils while C. convoluta
grows on basic ones (Burgaz & Ahti, 1992; Litterski &
Ahti, 2004). Cladonia convoluta has its distribution cen-
ter in the Mediterranean region, covering western Eurasia
and North Africa (Litterski & Ahti, 2004) while C. foli-
acea is found throughout the same regions but with a wider
distribution.
Thus the purpose of this study is to elucidate the tax-
onomic rank of Cladonia foliacea and C. convoluta. For
this aim the collections of C. convoluta, C. foliacea, C.
firma (included in the old subsection Foliosae), C. cervi-
cornis (Ach.) Flot. and C. pulvinata (Sandst.) Van Herk
& Aptroot were studied. There were two reasons to in-
clude C. cervicornis in this work. Firstly, because ac-
cording to Stenroos et al. (2002), it is phylogenetically
near C. convoluta and C. foliacea. Secondly, when pode-
tia are absent, C. cervicornis could be mistaken for C.
firma. Cladonia pulvinata, though not included in Stenroos
et al. (2002), is considered here because of its tradition-
ally admitted close relationship with C. cervicornis (James,
2009).
Materials and methods
Materials
In all, 681 specimens were sampled for this study: 178
of Cladonia convoluta, 225 of C. foliacea (including an
isoneotype), 105 of C. firma, 163 of C. cervicornis, nine of
C. pulvinata and one ofC. cariosa (Ach.) Spreng.Cladonia
cariosa was used as an outgroup, a basal taxon of the clade
which containsC. convoluta andC. foliacea (Stenroos et al.,
2002).
Some of the specimens used for this work were freshly
collected, while others were herbarium material (maxi-
mum 20 years old). The samples selected for morpho-
logical analysis and molecular study were chosen try-
ing to encompass their widest variability with regard to
morphology, lichen substances they contain, geographical
location and altitude of the sampling site. Most of the
collections are located at the herbarium MACB Madrid
(Table 1).
Table 1. Samples used in the molecular study and their GenBank accession number. Type of substratum: L= limestone, Q = quartzite,
G = granite, ST = sandstone, S = sandy spot.
GenBank Accession Number
Species Collection Soil
DNA
Code
CPA
Code Geographic origin ITS cox1 rpb2
C. convoluta MACB 90622 L A 15 Spain, Soria FM205741 — —
C. convoluta MACB 90622 L B 15 Spain, Soria FM205889 FM208148 FM207567
C. convoluta MACB 90622 L C 15 Spain, Soria FM205890 — —
C. convoluta MACB 90517 L A 1 Portugal, Estremadura FM205891 — —
C. convoluta MACB 41493 L A 16 Spain, Teruel FM205892 — —
C. convoluta MACB 91687 ST A 7 Spain, Guadalajara FM205893 FM208173 FM207574
C. convoluta MACB 91687 ST B 7 Spain, Guadalajara FM211899 — —
C. convoluta MACB 90421 Q A 8 Spain, Leo´n FM205918 FM208174 FM207575
C. convoluta MACB 90613 ST A 9 Spain, Le´rida FM205902 FM208152 —
C. convoluta MACB 90613 ST B 9 Spain, Le´rida FM205748 — —
C. convoluta MACB 92726 L A 11 Spain, Mallorca FM205903 FM208166 FM207585
C. convoluta MACB 92726 L B 11 Spain, Mallorca FM205744 — —
C. convoluta MACB 92725 L A 10 Spain, Mallorca FM205924 FM208176 —
C. convoluta MACB 92725 L B 10 Spain, Mallorca FM205925 FM208177 —
C. convoluta MACB 90388 ST A 4 Spain, Ca´diz FM205922 FM208163 —
C. convoluta MACB 90388 ST B 4 Spain, Ca´diz FM205746 — —
C. convoluta MACB 90499 L A 46 Spain, Navarra FM205900 FM208150 —
C. convoluta MACB 90440 L A 40 Spain, Barcelona FM205901 FM208151 FM207584
C. convoluta MACB 90440 L B 40 Spain, Barcelona FM205743 — —
C. convoluta MACB 90565 L A 43 Spain, Granada FM205886 FM208146 FM207588
C. convoluta MACB 90565 L B 43 Spain, Granada FM205749 — —
(Continued on next page.)
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Table 1. Samples used in the molecular study and their GenBank accession number. Type of substratum: L= limestone, Q = quartzite,
G = granite, ST = sandstone, S = sandy spot. (Continued)
GenBank Accession Number
Species Collection Soil
DNA
Code
CPA
Code Geographic origin ITS cox1 rpb2
C. convoluta MACB 90442 ST A 41 Spain, Ca´diz FM205887 FM208147 FM207586
C. convoluta MACB 90442 ST B 41 Spain, Ca´diz FM205888 FM208165 FM207587
C. convoluta H L — 52 Sweden, O¨land FR695859 — HQ340064
C. convoluta H L — 53 France,
Languedoc-Roussillon
FR695861 HQ340072 HQ340065
C. convoluta H S — 54 Italy, Sardinia FR695860 — HQ340066
C. convoluta S L65606 L — 55 Greece, Crete FR695862 HQ340073 HQ340067
C. foliacea MACB 90506 G A 19 Portugal, Estremadura FM205894 FM208162 FM207569
C. foliacea MACB 90506 G B 19 Portugal, Estremadura AM922513 — —
C. foliacea MACB 90574 G A 35 Spain, Tarragona FM205895 FM208143 FM207564
C. foliacea MACB 90574 G B 35 Spain, Tarragona FM205740 — —
C. foliacea MACB 90533 G A 31 Spain, Guadalajara FM205896 FM208158 —
C. foliacea MACB 90533 G B 31 Spain, Guadalajara FM205897 FM208144 FM207565
C. foliacea MACB 90503 Q A 18 Portugal, Alto Alentejo FM205898 FM208145 FM207566
C. foliacea MACB 95599 G A 20 Portugal, Tra´s-os-Montes FM205914 FM208159 FM207570
C. foliacea MACB 95602 — A 21 United Kingdom, Scotland FM205915 FM208175 FM207571
C. foliacea MACB 90414 G A 30 Spain, La Corun˜a FM205919 FM208160 FM207572
C. foliacea MACB 95600 G A 17 Denmark, Bornholm FM205920 FM208161 FM207573
C. foliacea MACB 91639 Q A 38 Spain, A´vila FM205899 FM208149 FM207583
C. foliacea MACB 91639 Q B 38 Spain, A´vila FM205742 — —
C. foliacea MACB 90527 G A 42 Spain, Cuenca FM205921 — —
C. foliacea MACB 90527 G B 42 Spain, Cuenca FM205745 — —
C. foliacea MACB 90571 L A 47 Spain, Tarragona FM205923 FM20864 —
C. foliacea MACB 90571 L B 47 Spain, Tarragona FM205747 — —
C. foliacea H L — 48 Finland, Varsinais-Suomi,
Dragsfja¨rd
FR695855 — HQ340068
C. foliacea H — — 49 Finland, Varsinais-Suomi,
Korpo
FR695856 — HQ340069
C. foliacea H — — 50 Italy, Biella FR695857 HQ340074 HQ340070
C. foliacea H S — 51 Italy, Grosseto FR695858 — —
C. cervicornis MACB 91631 ST A — Spain, Ca´diz FM211897 FM208169 —
C. cervicornis MACB 91631 ST B — Spain, Ca´diz FM205734 — —
C. cervicornis MACB 90738 G A — Spain, Cuenca FM205904 FM208154 FM207578
C. cervicornis MACB 90738 G B — Spain, Cuenca FM205735 — —
C. cervicornis MACB 90840 G A — Spain, Madrid FM205905 FM208170 —
C. cervicornis MACB 90718 G A — Spain, Cuenca FM205906 FM208171 —
C. cervicornis MACB 90718 G A — Spain, Cuenca FM211898 — —
C. cervicornis MACB 91610 S A — Spain, Huelva FM205916 — —
C. cervicornis MACB 91610 S B — Spain, Huelva FM211900 — —
C. firma MACB 91619 G A — Spain, Guadalajara FM205907 FM208153 FM207568
C. firma MACB 91619 G B — Spain, Guadalajara FM205736 — —
C. firma MACB 90669 G A — Spain, Madrid FM205908 FM208167 —
C. firma MACB 90669 G B — Spain, Madrid FM205739 — —
C. firma MACB 90655 Q A — Spain, Toledo FM205910 HQ340075 FM207576
C. firma MACB 90655 Q B — Spain, Toledo FM205737 — —
C. firma MACB 91615 Q A — Spain, Burgos FM205909 FM208168 FM207577
C. firma MACB 91615 Q B — Spain, Burgos FM205738 — —
C. pulvinata MACB 91646 G A — Spain, Orense FM205911 FM208172 FM207579
C. pulvinata MACB 95597 G A — Portugal, Tra´s-os-Montes FM205912 FM208155 FM207580
C. pulvinata MACB 94339 G A — Portugal, Tra´s-os-Montes FM205917 FM208156 FM207581
C. pulvinata MACB 95598 S A — Spain, Segovia FM205913 FM208157 FM207582
C. pulvinata MACB 95598 S B — Spain, Segovia FM205926 — —
C. cariosa MACB 94205 — — — Spain, Gerona FR695863 HQ340075 HQ340071
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Morphological study
Cladonia convoluta and C. foliacea were identified us-
ing morphological and ecological characters according to
Burgaz et al. (1993). The samples of C. firma, C. cervi-
cornis and C. pulvinata were identified by morphological
and chemical characters according to Van Herk & Aproot
(2003) and James (2009).
For each studied specimen (28 samples of C. convoluta,
27 of C. foliacea, 14 of C. firma, 17 of C. cervicornis and
nine of C. pulvinata), the length, width and thickness of
three squamules were measured. Hand-cut sections of the
squamules were made at 3 mm from the apex, and squash
preparations were examined in distilled water and lactophe-
nol cotton blue to measure conidia and ascospores. At least
10 conidia and 10 ascospores were measured when pos-
sible. Hand-cut sections of the squamules and ascospores
surfaces were examined by light microscopy and scanning
electron microscopy. Morphological and anatomical data
of C. convoluta and C. foliacea were analysed by princi-
pal component analysis (PCA) by means of the statistical
program Statgraphics 5.1 (Statistical Graphics Corp.). The
variables included in the analysis were: squamules length,
width, thickness and width/length (Vainio, 1894).
Chemical analysis
The lichen substances were extracted by means of acetone
(for 10 minutes/10 mg of thallus). The chemical composi-
tion of the selected fragments was monitored by thin layer
chromatography (TLC) according to standardized proce-
dures (White & James, 1985).
DNA extraction
From each collection two samples were taken (Table 1 ex-
ample: ‘MACB 91687, A’ and ‘MACB 91687, B’). From
every selected sample a small amount (about 10 mg) was
taken. Prior to DNA isolation, the lichen chemical sub-
stances were extracted by means of acetone (500 µl) for 2
hours, to avoid interferencewith the extraction and purifica-
tion of DNA. E.Z.N.A. Fungi DNA Miniprep Kit (Omega
Biotech) and DNeasy Plant Mini Kit (Quiagen) kit were
used to extract DNA, according to the manufacturer’s in-
structions with slight modifications (Martı´n et al., 2000).
The DNA was dissolved in 200 µl of buffer included in
the kit. The concentration of the extracted DNA was quan-
tified using the spectrophotometer RNA/DNA calculator
GeneQuant II (Pharmacia Biotech).
DNA amplification
The primers used to amplify the nuclear ITS rDNA
from the mycobiont were ITS1F (Gardes & Bruns, 1993)
and ITS4 (White et al., 1990) or the newly designed
ITSCld (5� GTAGGCTATACGGCTCATGC 3�)/ITSClr (5�
CTTTCCAACGCGGGATAATA 3�). The amplification cy-
cles were: initial denaturation at 94◦C for 5 min; 5 cycles
of 94◦C for 30 s, 54◦C for 30 s and 72◦C for 1 min; and
33 cycles of 94◦C for 30 s, 48◦C for 30 s and 72◦C for 1
min; with a final extension at 72◦C for 10 min (Martı´n &
Winka, 2000). The primer pair RPB2–5F/ RPB2–7cR (Liu
et al., 1999) was used for the amplification of rpb2 partial
gene. The amplification cycles were: initial denaturation at
94◦C for 5 min; 35 cycles of 95◦C for 1 min, 55◦C for 2 min
and 72◦C for 2 min; with a final extension at 72◦C for 10
min. The primer pair 5959F-5� and 6711R-3� (Printzen &
Ekman, 2003) was used for the amplification of cox1 partial
gene. The amplification cycles were: initial denaturation at
94◦C for 5 min; six cycles of 95◦C for 45 s, 52◦C for 45 s
and 72◦C for 1 min and 45 s; 34 cycles of 95◦C for 30 s,
46◦C for 30 s and 72◦C for 1 min and 45 seconds; with a
final extension at 72◦C for 10 min.
PCRs were carried out with Ready-to-Go-PCR Beads
(GEHealthcare Life Sciences, UK). The volume of reaction
was 25 µl for each tube, with 0.4 mM final concentration
of primers. The volume of extracted DNA used for the PCR
was 1 µl (for initial concentration of extraction>8 µM) or
2 µl (for initial concentration <8 µM). The amplifications
were performed in a MJ Research-PTC-200 thermocycler
(Bio-Rad). The PCR products were tested by electrophore-
sis of 5 µl aliquots in a 2% agarose gel (Agarosa D-1 low
EEO, laboratorios Pronadisa).
DNA purification and sequencing
Amplification products were purified using the Kit QI-
Aquick Gel Extraction (QIAGEN, Valencia, California,
USA). The purified DNA was dissolved in 40 µl of buffer
included in the kit. Aliquots of (5 µl) purified DNA mixed
with each primer (0.65 µl, 5 µM) used in the amplifica-
tion were sent to Secugen S. L. (CIB, Madrid, Spain) to get
sequences of both chains from each amplimer.
SequencherTM program (Gene Codes Corporation, Inc,
Ann Arbor, Michigan, USA) was used to identify the con-
sensus sequence from the two strands of each isolate. The
sequences were input to BLAST (Altschul et al., 1997)
of National Center for Biotechnology Information (NCBI:
http://www.ncbi.nlm.nih.gov/) in order to make sure that
the obtained sequences were not contaminants.
Phylogenetic analyses
The alignments of the obtained sequences and those down-
loaded from GenBank (EU266114, AF455168, AF455169,
AF455170, AF455178, AF455187, AF455227, AF455228,
AF4553845, DQ530193, DQ5302206, DQ530207) were
made manually using the SeqApp program (Don Gilbert,
Indiana University). Alignment gaps were indicated as ‘-’
and ambiguous nucleotides were marked as ‘N’. Ambigu-
ous sites were removed from the alignments. The combined
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Table 2. Information on Maximum Parsimony analysis, evolutionary model chosen by MrModeltest for each locus and Ln values of
ML analyses.
Locus
Total
characters
Excluded
characters
Variable
characters
Informative
characters
Tree
length CI RC Model Ln
ITS 580 308 136 84 200 0.7650 0.7108 GTR+I+G −2127.117
rpb2 915 0 139 104 167 0.8683 0.8334 SYM+G −2414.878
cox1 776 165 66 51 71 0.9718 0.9651 HKY −1715.772
combined 2365 0 93 206 403 0.7940 0.7142 GTR+I+G −5565.905
matrix included only the samples forwhich the sequences of
the three genic regions were available. When the sequences
obtained from the two fragments of the thallus were iden-
tical, only one of them was included in the phylogenetic
analyses. For rpb2 and cox1 regions only one of the sam-
ples from the same thallus was amplified in the case of both
ITS sequences being identical.
The phylogenetic analyses were carried out with PAUP
program, version 4.0.b.10 for Macintosh (Swofford, 2003)
and MrBAYES 3.1 (Huelsenbeck & Ronquist, 2001). First,
Maximum Parsimony (MP) analyses for single genes and
for the combined dataset were made, using a heuristic
search. Gaps were treated as missing data. For the confi-
dence analysis, bootstrap samplingwas applied, with 10 000
replicates, using the fast-step option. The best-fitting evo-
lutionary models were estimated for each region (Table
2) with MrModeltest v2.2 (Nylander, 2004). In Bayesian
analyses the posterior probabilities were approximated by
sampling trees using Markov chain Monte Carlo (MCMC).
Posterior probabilities of each branch were calculated by
counting the frequency of trees that were visited during the
course of the MCMC analysis. A 2 000 000 generations run
for ITS rDNA and cox1 regions and a 6 000 000 generations
run for rpb2 region and combined dataset (2 millon gener-
ations, were not enough for the convergence of the chains),
starting at a random tree and employing two runs ofMarkov
chain Monte Carlo with 12 simultaneous chains, were ex-
ecuted. Every 100th tree was saved into a file. Then, the
Bayesian analyses were repeated (for all loci and combined
dataset), four parallel runs of Markov chain Monte Carlo
were performed, each with four chains and 2 000 000 gener-
ations for ITS rDNA and cox1 regions, and 6 000 000 gener-
ations for rpb2 region and combined dataset. The combined
dataset was partitioned into three parts, ITS rDNA, cox1 and
rpb2 for Bayesian analyses. We plotted the log-likelihood
scores of sample points against generation time using
TRACER 1.0 (http://evolve.zoo.ox.ac.uk/software.html?i
=tracer). Ten per cent of initial trees were discarded as
‘burn-in’ before stationarity was reached. Then, the conver-
gence of the MCMC was evaluated by performing cumu-
lative and sliding window analyses of posterior probability
and among-run variability of cumulate and split frequencies
using the online application AWTY (Nylander et al., 2008).
Using the ‘sumt’ command of MrBAYES, the consensus
tree was calculated (for each run), sampled after reaching
likelihood convergence to calculate the posterior probabil-
ities of the tree nodes. Phylogenetic trees were drawn using
TREEVIEW (Page, 1996) or PAUP. Maximum Likelihood
(ML) analyses were performed using PAUP. The models of
nucleotide substitution used in ML analyses were the same
used in Bayesian analyses. To estimate branch support, 100
bootstrap pseudo-replicates were used.
The statistical congruence among the different regions
was tested using ILD test (Farris et al., 1994; Huelsenbeck
Fig. 1. Results from principal component analyses using morphological and anatomical characters in C. foliacea and C. convoluta. (a)
Analysis with all the specimens. (b) Analysis with the specimens used in molecular analyses.
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Table 3. Variation ranges of each studied character in C. cervicornis, C. firma and C. pulvinata.
Squamules length
(mm)
Squamules width
(mm)
Squamules thickness
(µm)
Conidia length
(µm)
Ascospores
(µm)
C. cervicornis (4) 5–12 (24)
n = 49
1–2 (4)
n = 49
(210) 250–440 (470)
n = 49
(5) 6–8
n = 118
(6) 7–13 (15)
n = 119
C. firma (3) 5–17 (20)
n = 41
(1) 2–3 (4)
n = 41
(213) 300–470 (540)
n = 41
(6) 7–9 (10)
n = 124
(6) 8–13 (15)
n = 56
C. pulvinata 4–9 (14)
n = 25
(0.5) 1–2.5 (3.5)
n = 25
(188) 190–300 (350)
n = 25
(5) 6–8 (9)
n = 58
(7) 8–11 (13)
n = 18
et al., 1996) carried out with PAUP. The congruence anal-
ysis was carried out on only the 29 samples for which
the three gene regions were sequenced. The hypothesis
that C. foliacea and C. convoluta are two monophyletic
groups was checked by Kishino–Hasegawa (Kishino &
Hasegawa, 1989) and Shimodaira–Hasegawa tests (Shi-
modaira &Hasegawa, 1999) under GTRmodel. These tests
were implemented in PAUP using the combined data set.
Results
Morphology
The results of principal component analysis of morphologi-
cal variations are shown in Fig. 1. PCA summarizes 84% of
the variance of all studied specimens (1A), and 85% of the
variance of samples used in molecular analyses (1B). The
principal component analyses of morphological characters
did not support any groupwithinCladonia convoluta andC.
foliacea. The analysis shows a continuous morphological
variation. No differences were found on squamule sections
or on ascospore surface among all studied specimens. On
the other hand C. convoluta is more commonly associated
with limestone soils than C. foliacea (Table 1).
The results of morphological and anatomical studies in
C. firma, C. cervicornis and C. pulvinata are summarized
in Table 3. The squamules length and width of Cladonia
cervicornis and C. firma are similar and higher than in C.
pulvinata. The conidia of Cladonia firma are longer than
those ofC. cervicornis and these ones are similar to those of
C. pulvinata. The ascospores length and their morphology
are similar in the three taxa.
Chemical analyses
Chemical analyses were carried out on 384 specimens. The
results are summarized in Table 4.Most of the samples ofC.
convoluta and C. foliacea contain fumarprotocetraric and
usnic acids, some of them also contain zeorin. Only two
specimens with psoromic acid were found (chemotype II of
C. convoluta). All the screened specimens ofC. cervicornis
contain fumarprotocetraric acid; atranorin, confumarproto-
cetraric acid; and traces of zeorin appear in some samples.
All the screened specimens of C. firma contain fumarpro-
tocetraric acid and atranorin, while in some samples traces
of zeorin are present.Cladonia pulvinata is chemically uni-
form and all the samples contain psoromic acid; in addition
traces of zeorin and more rarely of fumarprotocetraric acid
can be found.
Sequence analyses
The DNA was extracted at concentrations that varied be-
tween 2 and 25.6 µM. One of the samples of the amplified
ITS rDNA region generated two bands of different sizes and
both amplimers were cut and processed separately (MACB
90622, B and MACB 90622, C). Seventy-one amplimers
of the ITS rDNA region, 41 of cox1 partial gene and 33
of rpb2 partial gene were DNA sequenced on both strands.
The amplification of one neoisotype of Cladonia foliacea
was attemped, but it was not achieved for any of the studied
markers. The sequences have been deposited in the Gen-
Bank (Table 1).
The sizes of the nuclear ITS rDNA sequences are
364–900 bp, those of cox1 partial gene are 751–886 bp
and those of rpb2 partial gene are 809–1099 bp. The main
Table 4. The secondary substances in the studied taxa. ATR = atranorin, CPH2 = confumarprotocetraric acid, FUM =
fumarprotocetraric acid, PSO = psoromic acid, USN = usnic acid, ZEO = zeorin.
FUM USN ATR PSO ZEO CPH2
C. foliacea 109 109 — — 24 —
C. convoluta 106 106 — 2 14 —
C. firma 69 — 69 — 6 —
C. cervicornis 91 — 4 — 20 16
C. pulvinata 1 — — 9 1 —
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difference in size between the ITS rDNA sequences is due
to the presence of a group I intron at the 3� end of the small
subunit ribosomal DNA (SSU rDNA) gene inserted after
position 1516 (relative to the Escherichia coli SSU rRNA
gene numbering, hereby named ‘S1516 introns’ according
to Johansen & Haugen, 2001). The intron was found in all
the samples of C. firma and C. pulvinata, 42.8% of C. fo-
liacea and 59.2% of C. convoluta samples. No sample of
C. cervicornis has this intron. This intron was not included
in the phylogenetic analysis due to its optional occurrence.
A 9-nucleotide tandem repeat motif (CAGCTTGCG) was
detected in cox1 partial gene. The repeat number is variable
in all species except in C. pulvinata, which contains only
a single copy. The repeat numbers in C. convoluta and C.
foliacea vary from 1 to 14, in C. cervicornis from 10 to 12,
and in C. firma from 4 to 10. Cladonia cariosa (outgroup)
does not contain any copy of this motif. A BLAST search
of the sequence motif did not detect any homologous coun-
terpart in the databases. This motif was not included in the
phylogenetic analysis.
Phylogenetic analyses
Evolutionary models selected by MrModeltest for different
regions together with statistical value of parsimony analysis
and Ln values of ML analyses are summarized in Table 2.
The likelihood parameters of the Bayesian are shown in Ap-
pendix 1 (see supplementary material which is available on
the Supplementary tab of the article’s Informaworld page
at http://dx.doi.org/10.1080/14772000.2010.532834). The
Tracer and AWTY analyses indicated that the number of
generations used in burn-in was sufficient for the chains
reached the stationary state and they converged. The phy-
logenetic trees are shown in Figs 2 and 3. The topologies
of MP, ML and Bayesian trees for the ITS rDNA and cox1
regions were similar. According to all the analyses, C. con-
voluta and C. foliacea form a monophyletic group with
high support. ITS rDNA analyses and cox1 analyses (Fig.
2) show no subclade inside theC. convoluta andC. foliacea
clade. The rpb2 analyses give rise to two different topolo-
gies (Fig. 3A and B). The first topology (resulting fromMP
and ML analyses) showed that the samples of C. foliacea
and C. convoluta split into two strongly supported clades,
both of them containing samples of both species (Fig. 3A).
The tree resulting from the rpb2 Bayesian analyses groups
together all the samples of C. convoluta and C. foliacea in
one clade (Fig. 3B). Within this clade, several strongly sup-
ported subclades can be distinguished (Fig. 3B). Cladonia
firma, C. cervicornis and C. pulvinata form three mono-
phyletic groups in all analyses (Figs 2 and 3). However, one
sample of C. pulvinata (‘MACB 95597, A’) in ITS rDNA
analysis is separated from the remaining samples of C. pul-
vinata, joining to C. verticillata with strong support. Two
sequences of ITS rDNA from GenBank corresponding to
C. cervicornis appear outside the C. cervicornis clade. One
of them is nested in the C. firma clade and the other ap-
pears more related to the C. pulvinata clade than to the C.
cervicornis clade, but with low support.
The partition homogeneity test for the three combined
datasets revealed conflict (P < 0.001). The comparison of
dataset pairs revealed conflict between ITS rDNA and rpb2
matrix (P < 0.001). The reason for this conflict is that the
samples of C. convoluta and C. foliacea which appear as
joined in ITS rDNA analysis appear as separated in rpb2
analysis. For example, the ‘MACB 91639, A’ sample ap-
pears in the same clade that ‘MACB 92726, A’ in ITS rDNA
analysis, but they appear in different clades in rpb2 anal-
ysis. Another example is that of ‘MACB 90622, B’ and
‘MACB 90414, A’. The combined analyses yielded results
similar to rpb2 analyses (Fig. 3C and 3D). The KH and SH
tests rejected (P value= 0.00 in both analyses) the hypoth-
esis that C. convoluta and C. foliacea are two monophyletic
lineages.
Discussion
The PCA analysis based on morphological characters does
not show different groups among the specimens of Clado-
nia convoluta and C. foliacea. Due to the great morpho-
logical similarity of both taxa, some authors had treated
them as having a rank inferior to species, such as variety or
subspecies (Vainio, 1894; Suza, 1933; Clauzade & Roux,
1985). The results of some of the phylogenetic analyses of
ITS rDNA, cox1, rpb2 regions and combined dataset can-
not differentiate two monophyletic groups (Figs 2, 3). On
the contrary, MP and ML analyses of rpb2 region do sepa-
rate the whole of C. convoluta/C. foliacea samples into two
monophyletic strongly supported clades, but these clades
do not correspond with the two morphospecies previously
described.
The neotype of C. foliacea is from the UK (Burgaz &
Ahti, 2009). Although we could not amplify its DNA, we
examined the MACB 95602 sample from Scotland and we
assume it is similar to the C. foliacea type. In rpb2 analy-
ses, this sample appears within the same clade to which
the sample of Cladonia convoluta coming from France
(Languedoc-Roussillon, H) belongs. France is the country
where holotype Cladonia convoluta was collected (Burgaz
& Ahti, 2009). The incongruities between ITS rDNA and
rpb2 datasets detected by ILD test would invalidate a com-
bined analysis for some authors, but others defend the com-
bined data (Myllys et al., 1999), basing their argument on
the ‘total evidence’ (Kluge, 1989). The conflict among loci
has been found in plenty of works which use the genealogi-
cal concordance phylogenetic species recognition (GCPSR)
approach for delimitation of species pairs (Kroken&Taylor,
2001; Buschbom & Mueller, 2006; Velmala et al., 2009).
Some authors (Kroken & Taylor, 2001) have chosen to
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Fig. 3. Phylogeny of the C. convoluta/C. foliacea complex. (a) Tree for ML analysis of rpb2 region. Bootstrap values ≥50% for MP/ML
at the branches. (b) Tree for the second Bayesian analysis of the rpb2 region. On the branches, posterior probability values are indicated
for both Bayesian analyses. (c) Tree for ML analysis of the combined dataset. Bootstrap values ≥50% for MP/ML at the branches. (d)
Tree for the second Bayesian analysis based on the combined dataset. On the branches, posterior probability values for both Bayesian
analyses are indicated.
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eliminate the taxa which lead to incongruity and combine
the loci. The application of this option in the present work
would imply the elimination of 13 taxa out of the 20 for
which a sequence of the three loci is available.
Van der Niet & Linder (2008) point at several processes,
which could lead to some incongruities in gene trees. Some
of these are due to biological processes such as hybridiza-
tion or incomplete lineage sorting. Hybridization has been
mentioned as a possible speciation mechanism in some
fungi (Staats et al., 2005; Giraud et al., 2008). In the genus
Cladonia hybridization events have been suggested as an
explanation to the polyphyly ofC. pocillum (Ach.) Grognot
and C. pyxidata (L.) Hoffm. (Kotelko & Piercey-Normore,
2010).
Incomplete lineage sorting is a common cause of incon-
gruity between closely related species. It is a process by
which the tree estimated from a unique locus does not re-
flect the real phylogenetic history of the taxa, because of the
persistence of ancestral polymorphisms, so that individuals
of the same species are sorted into different clades. When
polyphyly occurs, incomplete lineage sorting could be the
cause (Funk & Omland, 2003). The genealogical concor-
dance phylogenetic species recognition (GCPSR) (Avise &
Ball, 1990; Taylor et al., 2000) has been the most used
method for species delimitation in lichens (Kroken & Tay-
lor, 2001; Ott et al., 2004; Amtoft et al., 2008; Tretiach
et al., 2009; Wedin et al., 2009). This method requires the
utilization of several gene markers for species delimitation.
The species limits lay then on the transition zone between
congruences and incongruities. An ever present problem in
all the species concepts based exclusively on phylogenetic
recognition is their inability to detect incomplete lineage
sorting (Templeton, 2001).
Velmala et al. (2009) suggested that the presence of in-
congruities among different loci found in Bryoria fremontii
Brodo & D. Hawksw. and B. tortuosa (G. Merr.) Brodo &
D. Hawksw. may be explained by intraspecific recombina-
tion. In other cases, it has been suggested that incongruities
may be due to incomplete lineage sorting. This explana-
tion is used in Caloplaca albopruinosa (Arnold) H. Olivier
and C. variabilis (Pers.) Mu¨ll. Arg. in view of the lack
of data to demonstrate the monophyly of the two species
(Muggia et al., 2008), and in Thamnolia (Nelsen & Gar-
gas, 2009) as a possible cause of the lack of monophyly
for the different chemotypes. It is possible that incomplete
lineage sorting is responsible for the lack of monophyly in
Cladonia convoluta and C. foliacea. There is also evidence
consistent with slow genetic drift in lichens (Printzen et al.,
2003), which would contribute to the incomplete lineage
sorting. Summing up, the data currently available do not
permit the delimitation of two species within the Cladonia
convoluta/C. foliacea complex. In addition, the hypotheses
tests rejected the monophyly of each of the two taxa. The
morphological differences between the two taxa probably
constitute a phenotypical response to different environmen-
tal conditions (as substratum type or aridity degree). This
fact is supported by the existence of intermediate forms
between the two taxa (Burgaz et al., 1993; Pino-Bodas,
2006).
As regardsCladonia pulvinata, it has for a long time been
considered a subspecies of C. cervicornis (Ahti, 1980). Re-
garding the morphology, it is very similar toC. cervicornis;
but C. pulvinata contains psoromic acid and has some-
what narrower podetia (Ahti, 1983). Van Herk & Aptroot
(2003) consider C. pulvinata to have a species rank. This
was based on both morphological characters (squamules
smaller than 7 mm, with no deep incisions, rounded lobes,
absence of marginal black rhizines, narrow podetia and, at
the most, two levels of ramification) and chemical charac-
ters (presence of psoromic acid). Our results support this
taxonomic change. Samples from the two taxa form in-
dependent monophyletic groups strongly supported in the
three analyses.
The ‘MACB 95597, A’ sample groups together with C.
verticillata in ITS rDNA analysis (Fig. 2), even though
this sample contains psoromic acid, never quoted for C.
verticillata. This sample is morphologically similar to the
other C. pulvinata samples, though podetia are longer than
in the remaining samples (28–32 mm long). It is possi-
ble that this sample corresponds to another taxon related
to the C. cervicornis group. Cladonia cervicornis group
requires further study, with additional material, to charac-
terize it morphologically and genetically. Cladonia firma
forms a monophyletic group. However, it neither seems to
be closely related to C. convoluta and C. foliacea nor to the
C. cervicornis group. On the Iberian Peninsula the ranges
of C. firma and C. cervicornis overlap (see maps in Burgaz
& Ahti, 2009), and they have similar ecological demands
(Pino-Bodas, 2006). They can be distinguished by chemi-
cal substances, thallus size and length of conidia. Possibly
C. firma is closer to some taxa of the Helopodium section
(Stenroos, 1988) than to the taxa considered in this paper.
Further extensive analyses including a large dataset of Su-
pergroup II taxa (Stenroos et al., 2002) should be performed
in order to know which species are most closely related to
C. firma.
Whereas the cox1 gene is commonly used as a marker in
animals for studying taxonomic relatedness at the species
level, it has so far seen little use in fungal analysis (Seifert
et al., 2007). In lichens, it has been used to study the in-
traspecific genetic variability in Cladonia subcervicornis
(Vain.) Kernst. (Printzen & Ekman, 2003). Unfortunately,
our work on the cox1 gene has provided only a low resolu-
tion. The other gene markers studied have more variability
than cox1 gene. The repeat number of the CAGCTTGCG
motif could be used in the future for population studies.
However, further studies are necessary to check the utility
of this cox1 motif.
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
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Abstract Cladonia subturgida and C. iberica constitute
the whole of a Mediterranean problematic species, which
shows great morphological polymorphism. A study was
carried out in order to delimit the extant taxa within this
group. The variability of the group was studied morpho-
logically, chemically and phylogenetically. The phylogeny
was based on three loci (ITS rDNA, rpb2 and mtLSU),
using Maximum Parsimony and Bayesian analyses. Six
chemotypes were identified, the most common one con-
taining atranorin and protolichesterinic acid. Our results
prove that C. subturgida and C. iberica constitute a single,
morphologically and chemically polymorphic species. The
taxonomic rank of C. turgida var. corsicana was also
studied based on analyses of morphological, chemical and
ITS rDNA data. The new nomenclatural combination, C.
corsicana, is proposed.
Keywords Chemotypes .Cladonia corsicana . Phylogeny .
Species delimitation
Introduction
The genus Cladonia consists of worldwide distributed
lichen-forming fungi inhabiting different environments.
The species are characterized by a composite thallus,
formed by a primary squamulose or crustose thallus, and
a secondary fruticose thallus called the podetium. The
features of the podetia are very useful in order to
distinguish species (Ahti 2000). However, many species
of Cladonia rarely develop podetia, whereby the identifi-
cation may be very difficult. One such case in the
Mediterranean region is the species pair Cladonia sub-
turgida Samp. and C. iberica Burgaz and Ahti. The type
locality of Cladonia subturgida is in Portugal, near the
Spanish border, close to the Douro River (Sampaio 1918),
while it was later collected in additional areas of the Iberian
Peninsula (Burgaz and Ahti 1994; 2009; van den Boom and
Giralt 1996; Terrón-Alfonso et al. 2000). According to
these authors this taxon is characterized by a well
developed and elongated primary thallus with a secondary
thallus branching at the apices, showing open axils.
Cladonia iberica was described from the central Iberian
Peninsula and currently its distribution includes the western
Iberian Peninsula as well as the Canary Islands (Burgaz and
Ahti, 2009; Etayo and Burgaz, 1997). The smaller primary
thallus and the presence of atranorin and protolichesterinic
acid in C. iberica distinguish it from C. subturgida, which
contains atranorin and fumarprotocetraric acid. However,
recent studies of Cladoniaceae in the Iberian Peninsula
(Burgaz and Ahti 1994, 1998, 2009) indicate that more
work is required in order to establish the morphological and
chemical boundaries between C. subturgida and C. iberica.
After Cladonia subturgida was described, Sampaio
(1922) considered it to be a form of C. turgida Hoffm.
Despite the well-developed primary thallus of C. turgida,
its podetia are different from C. subturgida and so Burgaz
and Ahti (1994) regarded C. subturgida as a valid species.
At the same time, C. turgida var. corsicana Rondon and
Vĕzda, described from Corsica, was synonymized with C.
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subturgida (Burgaz and Ahti 1994). On the other hand,
Litterski and Ahti (2004) suggested that C. turgida var.
corsicana could be an independent taxon.
Given the current knowledge about the variability and
phenotypic plasticity of the Cladonia species and noting that
most of the traditional infrageneric divisions established by
morphological characters are polyphyletic (Stenroos et al.
2002), it is hazardous to make statements about the
relationship among species without studying molecular
characters. Therefore the aims of this work are: (1) to
establish the phylogenetic relationship of C. subturgida, C.
iberica and C. turgida var. corsicana within the supergroup
Cladonia (Stenroos et al. 2002) using the ITS rDNA region;
(2) to determine whether the morphological affinities among
these taxa are correlated with phylogenetic relations; and (3)
to characterize C. subturgida and C. iberica morphologically
and chemically.
Materials and methods
Lichen material
This study is based on 188 specimens, 27 being C.
subturgida, 133 C. iberica, 10 C. turgida var. corsicana
and 18 C. turgida (including the holotypes of C. subturgida
and C. iberica) The specimens are deposited in the H,
MACB, MA-Lichen and PO herbaria.
Morphology and chemistry
Microscopic measurements of the squamules and podetia
wall thickness were carried out using freezing micro-
tome. Iodine reactions were performed using Lugol’s
solution after pre-treatment with 10% potassium hydrox-
ide. Ten ascospores and ten conidia were measured from
each thallus. The statistical analyses were done by
STATGRAPHICS 5.1 computer program. The variables
did not fulfill the normality, and homogeneous variance
were analyzed by Kruskal–Wallis test. Thin layer
chromatography (TLC) was carried out using solvent
systems A and B according to standardized procedures
(White and James 1985). When there were several
duplicate collections, only one collection was studied by
TLC.
DNA extraction and amplification
Twenty collections (Table 1) were selected for molecular
study, with an attempt to include all the major morpholog-
Table 1 Samples included in molecular study with GenBank accession number
Specimen codea Taxon Collection GenBank no.
ITS rpb2 mtLSU
1IBER C. subturgida Portugal, Trás-os-Montes, MACB 93695 JF288786 JF288826 JF288805
2IBER C. subturgida Spain, Jaén, MACB 93537 JF288787 JF288827 JF288806
3IBER C. subturgida Spain, Segovia, MACB 100441 JF288788 JF288828 JF288807
4IBER C. subturgida Spain, Madrid, MACB 100442 JF288789 JF288829 JF288808
5IBER C. subturgida Spain, Burgos, MACB 100443 JF288790 JF288830 JF288809
7IBER C. subturgida Spain, Tenerife, MACB 99466 JF288796 JF288831 JF288810
TYPEIBER C. subturgida Spain, Ciudad Real, MACB 49936 (holotype) JF288795 JF288832 -
1SUBT C. subturgida Spain, Huelva, MACB 49934 JF288791 JF288822 JF288811
2SUBT C. subturgida Spain, Cordoba, MACB 100445 JF288792 JF288823 JF288812
3SUBT C. subturgida Spain, Ciudad Real, MACB 99488 JF288793 JF288824 JF288813
4SUBT C. subturgida Spain, Salamanca, MACB 100447 JF288794 JF288825 JF288814
COR1 C. corsicana Spain, Sevilla, MACB 100763 JF288797 JF288833 JF288815
COR2 C. corsicana Spain, Sevilla, MACB 101074 JF288798 JF288834 JF288816
COR3 C. corsicana Portugal, Algarve, MACB 101073 JF288799 JF288835 JF288817
COR4 C. corsicana Portugal, Alto Alentejo, MACB 100764 - JF288836 JF288818
COR% C. corsicana Spain, Cádiz, MACB 100765 JF288800 JF288837 JF288819
1TURG C. turgida Canada, Newfoundland, H JF288801 - -
2TURG C. turgida Canada, Ontario, H JF288802 - -
- C. rangiformis Spain, Menorca, MACB 96193 JF288803 JF288838 JF288820
- Pycnothelia papillaria Spain, Lugo MACB 93242 JF288804 JF288839 JF288821
a Specimen code related to morphological identification: C. iberica (IBER), C. subturgida (SUBT), C. turgida var. corsicana (COR), C. turgida (TURG)
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ical and chemical variants in the group. In addition, the
holotype of C. iberica and the sample 4SUBT, collected
near the type locality of C. subturgida, were included. The
type materials of C. turgida var. turgida and C. turgida var.
corsicana could not be included.
Previous to the DNA isolation, the secondary lichen
substances were extracted by means of acetone for 2 h, so
avoiding their obstruction of the subsequent extraction and
purification of DNA. E.Z.N.A. Fungi DNA Miniprep Kit
(Omega Biotech) and DNeasy Plant Mini Kit (Quiagen)
were used to extract DNA, according to the manufacturer’s
instructions. The DNA was dissolved in 200 μl of buffer
included in the kit. The three following loci were amplified:
nuclear ITS rDNA using primer ITS1F (Gardes and Bruns
1993) and ITS4 (White et al. 1990), rpb2 partial gene using
two pair of primers RPB25F/RPB27R (Liu et al. 1999) and
primer pair RPB2dRaq/RPB2rRaq was used in nested PCR
(Pino-Bodas et al. 2010) and mtLSU using ML3A/ML4A
(Printzen 2002). PCRs were carried out with Ready-to-Go-
PCR Beads (GE Healthcare Life Sciences, UK). The
volume of reaction was 25 μl for each tube, with 0.4 mM
final concentration of primers. The volume of extracted
DNA used for the PCR was 1 μl. The amplification
programs were: (1) 94°C for 5 min; 5 cycles of 94°C for
30 s, 54°C for 30 s and 72°C for 1 min; and 33 cycles of
94°C for 30 s, 48°C for 30 s and 72°C for 1 min (Martín
and Winka 2000) for nuclear ITS rDNA and mtLSU
regions, and (2) initial denaturation at 94°C for 5 min; 35
cycles of 95°C for 1 min, 52°C for 30 s and 72°C for 2 min;
with a final extension at 72°C for 10 min for rpb2 region.
PCR products were purified using the Kit QIAquick gel
extraction (QIAGEN, Valencia, CA, USA). The purified
DNA was dissolved in 40 μl of buffer included in the kit.
The sequencing reactions were done at he Secugen S.L.
(CIB, Madrid, Spain), with the same primers used for
the PCR.
Sequence alignments and data analysis
The sequences were edited using Sequencher™ program
(Gene Codes, Ann Arbor, MI, USA). The alignments were
done manually, using SEQAPP (Don Gilgert) and SE-AL
v2.0 (Rambaut 2002) programs. To infer phylogenetic
relationships of C. subturgida, C. iberica and C. turgida
var. corsicana within Cladonia supergroup, we constructed
an alignment with 72 sequences of ITS rDNA, 63 of which
were downloaded from GenBank. A second dataset with
sequences of ITS rDNA, rpb2 and mtLSU for 20 specimens
was constructed for molecular characterization of C.
subturgida and C. iberica. Pycnothelia papillaria was used
as an outgroup in the phylogenetic analyses according to
Stenroos et al. (2002). The ambiguous sites were removed
of the alignments. Maximun Parsimony (MP) analyses were
performed with PAUP 4.0b10 (Swofford 2003) and
Bayesian analyses with MrBayes 3.1 (Huelsenbeck and
Ronquist 2001) for the separate genes and for the
concatenated dataset. MP analyses were done using
heuristic search with 500 random addition replicates with
TBR Branch-swapping option. Gaps were treated as
missing data. Branch robustness was estimated by bootstrap
(bs) analysis employing 10,000 replicates, using the fast-
step option. MrModeltest (Nylander 2004) was used for
selecting the best evolution model for every region
according to Akaike criterion. For the first dataset the
model selected was SYM+I+G. For the second dataset, the
model SYM+G was selected for ITS rDNA and rpb2
regions; the model HKY+G for mtLSU region; and the
model GTR+G for the combined analysis. The Bayesian
analyses were performed using these models. The posterior
probabilities were approximated by sampling trees using
Markov Chain Monte Carlo (MCMC). The posterior
probabilities (pp) of each branch were calculated by
counting the frequency of trees that were visited during
the course of the MCMC analysis. The MCMC was run
2,000,000 generations, with 12 chains starting from the
random tree. Every 100th tree was saved into a file. The
first 2,000 trees were discarded as burn-in. TRACER 1.0
(http://tree.bio.ed.ac.uk/software/tracer/) was used to plot
the log-likehood scores of sample points against generation
time. The consensus trees were calculated using the “sumt”
command. The congruences among the matrices were
carried out with partition homogeneity test (Farris et al.
1994) on PAUP.
The following phylogenetic hypotheses were tested: (1)
C. turgida var. corsicana is not an independent group of C.
turgida; and (2) Cladonia iberica and C. subturgida are
monophyletic independent groups. The Kishino–Hasegawa
(KH) (Kishino and Hasegawa 1989) likehood test was
conducted using PAUP to compare the best topology
obtained with a constrained tree. The constructed tree
topology was done by MacClade v.4.0.5 (Maddison and
Maddison 2002). The most parsimonious tree consistent
with the constrained tree was found using the heuristic
search by PAUP.
Results
Morphology and secondary chemistry
The morphological and anatomical studies revealed that C.
subturgida and C. iberica have significant differences in
squamule length, width and thickness (Table 2).
The secondary compounds of 164 specimens (included 7
of C. turgida var. corsicana and 2 of C. turgida) were
analyzed. The results of C. subturgida and C. iberica are
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summarized in Table 3. Six different chemotypes were
identified. The most common is the chemotype II, present
in 116 samples, which contains atranorin and protoliches-
terinic acid, with zeorin as an accessory substance. The
second one in frequency is the chemotype V (fumarproto-
cetraric and protocetraric acids; zeorin accessory) found in
15 samples. There is no relationship between the geograph-
ical origin of the samples and the chemotypes, nor between
chemotypes and altitude. All specimens of C. turgida var.
corsicana contain fumarprotocetraric and protocetraric
acids, with zeorin and confumarprotocetraric as accessory.
The samples of C. turgida var. turgida contain atranorin,
fumarprotocetraric and protocetraric acids.
Phylogenetic analysis
The DNA concentration ranged from 2–29.6 ng/μl. A total of
54 new sequences have been generated in this work (19 of ITS
rDNA, 18 of rpb2 and 17 of mtLSU). The aligment of ITS
rDNA for testing the phylogenetic relationship of C.
subturgida, C. iberica and C. turgida var. corsicana
contained 72 sequences with 573 unambiguous characters,
of which 186 were parsimony informative. The MP analysis
resulted in 1,000 equally parsimonious trees with 723 steps,
CI=0.4661, RI=0.6754. The Bayesian (Fig. 1) and the MP
analyses lead to trees with similar topology. The likelihood
parameters of Bayesian analysis are the following [mean
values (SD)]: LnL = −41617.334 (0.928), r(AC)=0.04885
(2.38e−4), r(AG)=0.178 (9.56e−4), r(AT)=0.111 (3.65e−4),
r(CG)=0.02008 (9.75e−5), r(CT)=0.609 (1.39e−3), r(GT)=
0.03307 (1.38e−4), Base frequencies π(A)= 0.223
(3.333e−4.), π(C) = 0.262 (2.993e−4), π(G) = 0.247
(2.782e−4), π(T)=0.269 (3.554e−4), α=0.418 (2.514e−3),
pinvar=0.239 (1.38e−3). In both analyses, the specimens of
C. turgida var. corsicana constituted a strongly supported
clade independent on C. turgida var. turgida. Cladonia
turgida var. corsicana appeared related to a clade consisting
of taxa of the C. furcata group and C. humilis (With.) J. R.
Laundon, while C. turgida s. str. was included in a clade
together with C. caespiticia (Pers.) Flörke, C. cervicornis
(Ach.) Flot., C. cervicornis ssp. mawsonii (C. W. Dodge) S.
Stenroos and Ahti, C. pulvinata (Sandst.) Aptroot and van
Herk, and C. subulata (L.) F. H. Wigg. Cladonia subturgida
and C. iberica constituted a distinct, well-supported clade.
This clade formed a highly supported sibling group with C.
rangiformis Hoffm.
The separate analysis of the ITS rDNA, rpb2 and mtLSU
for the second dataset (not shown) yielded a similar
topology. Two strongly supported monophyletic clades
appeared. One clade included all specimens of C. iberica
and C. subturgida and the other contained the C. turgida
var. corsicana specimens. The partition homogeneity test
indicated no conflict (P=0.29) among the three datasets,
thus an analysis based on combined datasets was done. The
combined alignment contained as many as 2,580 characters
(628 of ITS rDNA, 899 of rpb2 and 1053 of mtLSU), 205
out of them being informative for parsimony. The MP
analysis generated 500 equally parsimonious trees, 500
steps long, CI=0.9720 and RI=0.9793. The Bayesian
analysis was run under the GTR+G sequence evolutionary
model (selected by MrModeltest). The values of likelihood
parameters resulting from Bayesian analysis are the
C. subturgida C. iberica n P value
Squamules length (mm) 6.5–21(25) (3)5–14(16) 214 0.000
Squamules width (mm) 1.5–4(5) (1)1.5–4(4.5) 214 0.025
Squamules thickness (μm) (175)205–327(365) (150)187.5–287.5(350) 214 0.000
Podetia length (mm) (2.5)4–14(20) (4)6–13(16) 74 0.378
Podetia thickeness (μm) (125)150–250(260) (125)157.5–275(337.5) 74 0.673
Coninia legth (μm) (6)7–9(11) (6)7–10(11) 718 0.899
Ascospores length (μm) (10)11–16(19) (9)10–16(19) 210 0.703
Table 2 Results of statistical
analyses. The minimum value
corresponds to percentile 10 and
the maximum to percentile 90.
The absolute maximum and
minimum values are in brackets
Chemotype ATR PLIC FUM PRO ZEO No. samples SUBT IBER
I + 2 − 2
II + + ± 116 1 115
III + + + + 15 13 2
IV + + + 6 4 2
V + + ± 15 14 1
VI + + + 1 − 1
Table 3 Chemotypes of Clado-
nia subturgida, including both
morphoespecies C. subturgida
(SUBT) and C. iberica (IBER)
ATR atranorin, PLIC protoli-
chesterinic acid, FUM fumar-
protocetraric acid, PRO
protocetraric acid, ZEO zeorin, +
presence, ± accesory substance
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following [mean (SD)]: LnL = −5990.831 (9.144e−2),
π(A)=0.296 (1.226e−4), π(C)=0.199 (1.047 e−4), π(G)=
0.221 (1.055e−4), π(T)=0.284 (1.204e−4), rate matrix
r(AC)=0.0621 (0.000182), r(AG)=0.23 (0.000293),
r(AT)=0.115 (0.000175), r(CG)=0.0980 (0.0002408),
r(CT)=0.397 (0.0003786), r(GT)=0.09052 (0.0001319),
gamma shape parameter alpha=0.534 (0.00689). The MP
and Bayesian consensus trees did not show conflicts.
Figure 2 shows the 50% majority-rule consensus Bayesian
tree. Two strongly supported clades appeared: one consti-
tuted by all the specimens of C. iberica and C. subturgida
intermixed (bs=99%, pp=1.00), including the C. iberica
holotype, and another which includes the specimens of C.
turgida var. corsicana.
AF455168, C. convoluta
AF455169, C. foliacea
AF455170, C. phyllophora
DQ534461, C. furcata
DQ530202, C. gracilis
EU113284, C. ochrochlora
DQ530203, C. ochrochlora
DQ530199, C. pyxidata
AF455223, C. pyxidata
DQ530205, C. pocillum
DQ530197, C. macrophyllodes
AF455224, C. fimbriata
DQ534463, C. pyxidata
AF455191, C. rei
AF517924, C. peziziformis
DQ530209, C. pocillum
EU034665, C. pyxidata
EU113285, C. ochrochlora
DQ534462, C. gracilis
AF455227, C. merochlorophaea
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AF455228, C. grayi
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AF455236, C. symphycarpa
AF455230, C. cariosa
AF455231, C. acuminata
AF455243, C. macrophylla
AF455205, C. caespiticia
AF455178, C. cervicornis subsp. mawsonii
AF455181, C. subulata
AF455203, C. turgida
2TURG
1TURG
EU266114, C. cervicornis
FM205905, C. cervicornis
FM205904, C. cervicornis
FM211897, C. cervicornis
FM205911, C. pulvinata
FM205917, C. pulvinata
AF455183, C. sulcata
AF455237, C. apodocarpa
AF455171, C. ceratophylla
AF455238, C. pityrophylla
DQ530195, C. cornuta
EU113282, C. scabriuscula
EU113287, C. furcata
AF455219, C. scabriuscula
AF455220, C. furcata
AF455212, C. cartilaginea
AF455206, C. neozelandica
AF455211, C. nana
AF455221, C. peziziformis
AF455182, C. peziziformis
COR1
COR2
COR5
COR3
AF455208, C. pyxidata
AF455209, C. humilis
AF455185, C. clathrata
TYPEIBER
1SUBT
AF455172, C. rangiformis
C. rangiformis
AF455234, C. rangiformis
Pycnothelia papillaria
AF453271, Pycnothelia papillaria
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/0.80
        C. corsicana
(=C. turgida var. corsicana)
C. rangiformis
100/1.00
88/0.97
Fig. 1 The 50% majority-rule
consensus tree of Bayesian
analysis based in ITS rDNA.
Bootstrap and posterior
probability values indicated
at branches
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The Kishino–Hasegawa test significantly rejected two
hypotheses: (1) C. turgida var. corsicana is not an
independent group of C. turgida (P=0.00); and (2) the
monophyly of C. subturgida and the monophyly of C.
iberica (P=0.00).
Discussion
Molecular data supported the recognition of C. turgida var.
corsicana specimens as a monophyletic entity. This taxon
was known from Corsica, Sardinia and the Iberian Peninsula
(Poelt and Vězda 1977; Burgaz and Ahti 1992). A revision
of the specimens coming from the Iberian Peninsula
confirmed that they belong to C. subturgida; therefore, C.
turgida var. corsicana was excluded from this area (Burgaz
and Ahti 2009). However, the present work again maintains
the presence of C. turgida var. corsicana in the Iberian
Peninsula. This conclusion is based on the comparative
study of an isotype of this species with newly collected
Iberian material. Morphologically, C. turgida var. corsicana
is clearly different from C. turgida s. str. Although both taxa
have similar primary thallus, their podetia are different. The
podetia of C. turgida are robust, subcylindrical, with
complex patterns of branches and sometimes small cups
(Vainio 1887; Thomson 1967), while C. turgida var.
corsicana presents no cups and its podetia are split (Vĕzda
1970). In addition, C. turgida contains atranorin and
fumarprotocetraric acid, while C. turgida var. corsicana
produces only fumarprotocetraric acid (Poelt and Vĕzda
1977). With respect to their distribution, C. turgida is a
circumboreal species, widespread in Europe, Asia and North
America (Litterski and Ahti 2004). Its southern limit in
Europe is in northern Italy (Nimis 1993), while C. turgida
var. corsicana is restricted to the Mediterranean area. The
phylogenetic study based on ITS rDNA region proves that
0.1
2IBER
1SUBT
1IBER
/0.89
4IBER
2SUBT
/0.82
3IBER
3SUBT
/0.58
5IBER
4SUBT
TYPEIBER
7IBER
99/0.95
C. rangiformis
100/1.00
COR1
COR4
COR5
COR3
COR2
100/1.00
Pycnothelia papillaria
ATR, PLIC
ATR, PLIC
ATR, PLIC
ATR, PLIC
ATR, PLIC
ATR, PLIC
ATR, PLIC, FUM, PRO
ATR, PLIC, FUM, PRO
FUM, PRO
ATR, FUM, PRO
ATR, FUM, PRO
FUM, PRO
FUM, PRO
FUM, PRO
FUM, PRO
FUM, PRO
Cladonia corsicana
Cladonia subturgida
Fig. 2 The 50% majority-rule
consensus tree of Bayesian
analysis inferred from a three
loci. Bootstrap and posterior
probabilities values indicated
at branches. The chemical
substancies detected by TLC
is shown on the tree. ATR
atranorin, PLIC protolichester-
inic acid, FUM fumarprotoce-
traric acid, PRO protocetraric
acid, ZEO zeorin
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the morphological differences between C. turgida var.
corsicana and C. turgida are supported by genetic differ-
ences. On the other hand, each of these taxa is related to
different groups (Fig. 1). Cladonia turgida is related to C.
subulata and the C. cervicornis group. In turn, C. turgida
var. corsicana is related to a clade including C. furcata and
C. scabriuscula (Delise) Nyl., among other taxa. These two
last taxa were earlier (Ahti 2000) included in the section
Ascyphiferae, which also included C. turgida, but Stenroos et
al. (2002) proved that C. turgida was not related to the other
taxa in this section. In the phylogeny of Stenroos et al. (2002)
based on ITS rDNA, β-tubulin gene and morphological and
chemical characters, C. turgida was related to C. macro-
phyllodes Ahti and Fleig. We consider C. turgida var.
corsicana as not closely related to C. turgida s. str.
As noted, the results based on the three studied gene
regions (ITS rDNA, rpb2 y mtLSU) do not support the
separation of C. subturgida and C. iberica. The morpho-
logical and chemical differences found are to be interpreted
merely as intraspecific variation of a single species.
Furthermore, this conclusion is supported by the coinci-
dence of their distribution areas, mainly concentrated in the
Iberian Peninsula (although C. subturgida has not been
collected in Canary Islands), as well as by the fact of
having similar ecological requirements. Great intraspecific
variation is common in the genus Cladonia, which contains
several polymorphic species (Ahti 2000). Though the
number of chemotypes identified in Cladonia subturgida
is high, these chemotypes do not form monophyletic
groups, and no geographical pattern has been found as for
their distribution. Moreover, several chemotypes were
found even in the same mat. The holotype of C. subturgida
itself shows chemical variations. We found that it contains
protolichesterinic acid in low concentration and atranorin,
while Burgaz and Ahti (1994) found atranorin and traces of
fumarprotocetraric acid. Thus, Cladonia subturgida is
another chemically polymorphic species, one more of the
many cases where the chemotypes do not group into
monophyletic clades (Buschbom and Mueller 2006; Zhou
et al. 2006; Velmala et al. 2009; Ohmura et al. 2008). In the
genus Cladonia, the presence of several chemotypes within
the same species is very common. Some examples are C.
symphycarpa (Flörke) Fr., C. subcariosa Nyl., C. capitellata
(Hook. f. and Taylor) C. Bab., C. incrassata Flörke, etc.
(Huovinen et al. 1989, 1990). The chemotype I of C.
subturgida, only found in two samples, could contain
protolichesterinic acid in very low concentration, impossi-
ble to detect by TLC. In such a case, chemotype I and
chemotype II (the most frequent one) would be the same.
In spite of the fact that C. subturgida and C. rangiformis
are morphologically very different, they appear in our
analyses as phylogenetically related, with high support. The
primary thallus of C. subturgida is persistent, while in C.
rangiformis the primary thallus disappears as soon as the
secondary thallus develops. In addition, the podetia of C.
rangiformis are more branched than those of C. subturgida.
Burgaz and Ahti (1994) included C. subturgida in sect.
Helopodium, which included taxa with persistent and big
primary thallus, corticate and rarely scyphoid podetia. As
for chemical constituents, they contain depsidones of the β-
orcinol path (Stenroos 1988; Ahti 2000). However, it has
been proved that Helopodium is polyphyletic (Stenroos et
al. 2002). In this work, the taxa of Helopodium section, C.
cariosa (Ach.) Spreng., C. symphycarpa (Flörke) Fr., C.
apodocarpa Robbins, C. caespiticia (Pers.) Flörke, C.
cartilaginea Müll. Arg., C. nana Vain., C. macrophylla
(Schaer.) Stenh., C. acuminata (Ach.) Norrl., C. cerato-
phylla (Sw.) Spreng., C. pityrophylla Nyl., C. sulcata A. W.
Archer and C. neozelandica Vain. were included. None of
these taxa appears related to C. subturgida.
Taxonomy
Cladonia subturgida Samp.
Ann. Acad. Polytechn. Porto 13: 106 (1918); type:
Portugal, Beira Alta, Guarda, Barca d’Alva, 13-XII-1916,
G. Sampaio 245 [holotype, PO (!)].
= Cladonia iberica Burgaz and Ahti, Nova Hedwigia 59:
430 (1994); type: Spain, Ciudad Real, Puebla de Don
Rodrigo, 690 m, on acid soils with Cistus ladanifer shrub,
16-VI-1993, A. R. Burgaz [holotype, MACB 49936!,
isotype, H].
Iconography in Burgaz and Ahti (1994, 2009).
Primary thallus persistent, dominant, squamulose, squa-
mules (3–)6–16(−19) mm long and (1–)1.5–4(−5) mm wide,
deeply lobate (up to 70% of their length), upper surface light
green to olivaceous, lower surface white, usually pink, or
purplish towards tips. Podetia rare, without scyphi, (2.5–)5.5–
13(−20) mm tall, (0.7–)1–2.3(−3.5) mm wide, light green,
branched at the apices, with open axils. Podetium surface
smooth, esorediate, corticated. Apothecia dark brown, com-
mon. Ascospores simple, hyaline, (9–)10–16(−19) x (2–)3–
4 μm. Pycnidia black, frequent, 310–700 μm long, on upper
surface or margins of the squamules, or sometimes on sides of
podetia, subglobose, constricted at the base, to cylindrical,
sessile or pedunculate. When pedunculate, they usually grow
two by two, containg hyaline gelatin. Conidia hyaline,
filiform, (6–)7–10 (−11) x 0.5–1 μm.
Anatomy Squamules of primary thallus (125–)187.5–300
(−360) μm thick; cortex (25–)37.5–75(−87.5) μm thick;
algal layer (12.5–)25–37.5(−60) μm thick; medulla (75–)
112.5–221.5(−270) μm. Podetial wall (125–)150–250
(−337.5) μm; cortex (17.5–)25–37.5(−50) μm; algal layer
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(12.5–)20–50(−100) μm; medulla (25–)30–100(−170) μm;
stereome (37.5–)50-127(−185) μm.
Chemistry Pd– or Pd+red, K– or K+yellow, C–, UV–. Six
known chemotypes: I) atranorin; II) atranorin, protoliches-
terinic acid and zeorin (inconstant); this is the most frequent
chemotype; III) atranorin, protolichesterinic, fumarprotoce-
traric and protocetraric acids; IV) atranorin, fumarprotoce-
traric and protocetraric acids; V) fumarprotocetraric and
protocetraric acids, with zeorin (inconstant); VI) fumarpro-
tocetraric, protocetraric and protolichesterinic acids.
Habitat and distribution It grows on acid substrates, in pine
groves, cork oak (Quercus suber) woodlands, holm-oak (Q.
ilex) woods, Q. pyrenaica woodlands, and Cistus scrubs, at
an altitude of 15 to 1500 m in the western area of the
Iberian Peninsula and Canary Islands.
Remarks A highly variable species, both morphologically
and chemically. In absence of podetia it can be mistaken to
C. firma (Nyl.) Nyl. or C. cervicornis (Ach.) Flot. (despite
these taxa are not phylogenetically related to C. subturgida,
Fig. 1), which are very common in the Mediterranean
region.
Additional specimens examined PORTUGAL: Algarve:
Bensafrim, Sª do Espinhaço de Cao, A. R. Burgaz (MACB
99474, 99451); Monchique, Sª de Monchique, Barranco do
Banho, A. R. Burgaz (MACB 99435); Monchique, Sª de
Monchique, subida a Foia, A. R. Burgaz (MACB 100464);
Alto Alentejo: Bencatel, Sª de Ossa, A. R. Burgaz (MACB
99465); Evoramonte, A. R. Burgaz (MACB 94140, 99448);
Pégoes, Monte das Piçarras, A. R. Burgaz (MACB 100460,
99443); Trás-os-Montes: Izeda, valle del río Sabor, A. R.
Burgaz (MACB 93871); Lagoa, valle del río Sabor, A. R.
Burgaz (MACB 93994); Lagoa, valle del río Sabor, R.
Pino-Bodas (MACB 93695, 93695); Rebordãos, Sª da
Nogueira, A. R. Burgaz (MACB 93696, 93704, 93872);
Rebordãos, Sª da Nogueira, R. Pino-Bodas (MACB 99473);
Beira Litoral: Campieses, Sª de Sicó, A. R. Burgaz and I.
Martínez (MACB 68522). SPAIN: Albacete: Villapalacios,
Sª del Relumbrar, A. R. Burgaz (MACB 93536); Almería:
Rodalquilar, Sª de Cabo de Gata, A. R. Burgaz (MACB
99478, 100455); Ávila: Navamojada, A. R. Burgaz (MACB
100467); Peguerinos, alrededores del campamento "Peñas
Blancas", A. R. Burgaz (MACB 100461); Piedrahita, A. R.
Burgaz (MACB 94141); Piedrahita, Pto. de Peñas Negras,
A. R. Burgaz (MACB 99484); Ramacastañas, A. R. Burgaz
(MACB 94142); Badajoz: Campillo de Llerena, Cortijo
"Las Navillas", E. Fuertes (MACB 49935); Castuera, "Las
Navillas", E. Fuertes (MACB 99453); Zahinos, A. R.
Burgaz (MACB 99441); Barcelona: El Brull, P. Nat. del
Montseny, coll de Formia, A. R. Burgaz (MACB 100449);
Montseny, P. Nat. del Montseny, A. R. Burgaz (MACB
100448); Burgos: Covarrubias, Sª de Covarrubias, A. R.
Burgaz (MACB 100443, 93613, 99442); Cáceres: Casas de
Miravete, Pto. de Miravete, A. R. Burgaz (MACB 99439);
La Calera, Sª de la Palomera, A. R. Burgaz (MACB 99421,
99424, 99426); Perales del Puerto, Sª de Gata, A. R. Burgaz
(MACB 99422, 99429); Robledollano, A. R. Burgaz
(MACB 99423); Salorino, ribera de los Molinos, A. R.
Burgaz (MACB 100445, 94143, 99436); Villareal de San
Carlos, A. R. Burgaz (MACB 99430); Villareal de San
Carlos, P. Nat. Sª de Monfragüe, A. R. Burgaz (MACB
99428, 99451); Ciudad Real: Albaladejo, Sª del Relumbrar,
A. R. Burgaz (MACB 93540, 93541, 99446); Almodovar del
Campo, Sª Umbría de Alcudia, Puerto de San Juan, A. R.
Burgaz et al. (MACB 99420, 99427, 100465); Piedrabuena,
Cerro Navalagrulla, A. R. Burgaz (MACB 99432); Puebla de
Don Rodrigo, A. R. Burgaz (MACB 100459, 100458,
99481); Saceruela, Sª de Canalizos, A. R. Burgaz (MACB
94144, 99419); Solana del Pino, Sª de Solana del Pino, A. R.
Burgaz et al. (MACB 99450, 99418, 99417, 99486);
Villamanrique, estribaciones Sª Morena, A. R. Burgaz
(MACB 93542, 100446, 93543, 99488); Villarrubia de los
Ojos, Sª de la Cueva, Pto. de los Santos, A. R. Burgaz
(MACB 99485, 99483, 94145); Viso del Marques, Sª de San
Andrés, Fresnedas Altas, A. R. Burgaz (MACB 99433);
Córdoba: Fuente Obejuna, Valdeinfierno, A. R. Burgaz
(MACB 93747, 93753, 99468, 100463); Villaharta, fuente
de la Lastrilla, A. R. Burgaz (MACB 99416, 100445, 94146,
94147, 99482); Villaviciosa de Córdoba, Sª del Esparragal,
río Cabrillas, A. R. Burgaz (MACB 100450, 100453,
100454); Gerona: San Martín de Ogassa, mirador de la
Torre, A. R. Burgaz (MACB 100450); Granada: Alfalcar, Sª
de Huetor, P. Nat. de Huetor, La Alfaguara, A. R. Burgaz
(MACB 99459); Guadalajara: Gascueña de Bornoba, Sª de
Alto Rey, A. R. Burgaz (MACB 99437, 93612); Huelva:
Zalamea la Real, A. R. Burgaz (MACB 49934, 99479);
Jaén: Barranco de Valdeazores, P. Nat. de Despeñaperros, A.
R. Burgaz (MACB 94148); Chiclana de Segura, Embalse de
Guadalmina, A. R. Burgaz (MACB 99487); Génave, A. R.
Burgaz (MACB 99440); La Aliseda, A. R. Burgaz (MACB
99444); Montizón, cauce del río Dañador, A. R. Burgaz
(MACB 93537, 93538, 93539); Santa Elena, A. R. Burgaz
(MACB 100462, 99476, 93749); Madrid: El Cuadrón, A. R.
Burgaz and S. Casas (MACB 75259, 100466); Las Matas,
A. R. Burgaz (MACB 99438); Manzanares el Real, P. Nat. de
La Pedriza, Senda de Quebrantaherraduras, A. R. Burgaz
(MACB 100442, 94150, 100451); Monte de El Pardo, A. R.
Burgaz (MACB 94149); Torrelaguna, A. R. Burgaz and S.
Casas (MACB 75240); Torrelodones, A. R. Burgaz (MACB
100456); Málaga: Tolox, Sª de Tolox, pista en el Parque
Natural, I. Martínez and G. Aragón (MACB 99490);
Salamanca: Beleña, A. R. Burgaz (MACB 93610, 94151,
99460); Carpio de Azaba, A. R. Burgaz (MACB 100447,
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99467); Frades de la Sierra, Sª de Frades, A. R. Burgaz
(MACB 94152); Fuenterroble de Salvatierra, Sª de Frades,
A. R. Burgaz (MACB 99470); Sancti Spiritus, A. R. Burgaz
(MACB 99431, 99457, 99471, 99475); Segovia: Coca, Finca
El Sequero, A. R. Burgaz (MACB 100441); Sevilla: Alanis,
P. Nat. de Sª Norte, Mirador Loma del Aire, A. R. Burgaz
(MACB 99456, 93752); Aznalcazar, A. R. Burgaz (MACB
99452, 99463); Cazalla de la Sierra, P. Nat. Sª Norte, Finca
UPA, A. R. Burgaz (MACB 99462, 94359, 93754, 93751,
93750); Cazalla de la Sierra, Sª de la Grana, P. Nat. de Sª
Norte, A. R. Burgaz (MACB 99431, 99455, 99455,
94360); La Puebla del Río, Dehesa de Abajo, A. R.
Burgaz (MACB 99469); Toledo: Belvis de la Jara, R.
Pino-Bodas (MACB 100457); Consuegra, Sª de
Valdehierro, A. R. Burgaz (MACB 94153); El Mazo, R.
Pino-Bodas (MACB 99477); La Iglesuela, loma de la
Majada del Buey, valle del Tietar, P. Aguilar et al.
(MACB 99445, 94361); Navaltoril, R. Pino-Bodas
(MACB 99472, 94158); Real de San Vicente, A. R.
Burgaz (MACB 99464); Robledo del Buey, Navalucillos,
R. Pino-Bodas (MACB 94156); Robledo del Mazo, R.
Pino-Bodas (MACB 94157); San Pablo de los Montes, Sª
de San Pablo de los Montes, Montes de Toledo, A. R.
Burgaz and Mª A. Carrasco (MACB 99447); San Roman
de los Montes, Urbanización los Reguerones, J. A. Leal
and T. Pereyra (MACB 99449, 99434); Urda, Sª
Morrones, Finca El Convento, A. R. Burgaz (MACB
94154); Urda, subida antena de TV, A. R. Burgaz (MACB
94155); Zamora: La Tabla, G. Aragón et al. (MA-lichen
12655); Almaraz de Duero-Zamora, km 10, A. R. Burgaz
et al. (MACB 70197); Canary Islands: La Gomera: P. Nac.
Garajonay, Cumbres de Arure (Cabecera del Barranco), C.
Hdez-Padrón and P. L. Pérez de Paz (MACB 93475);
Parque N. Garajonay, sobre Benchijigua e Imada, C. Hdez-
Padrón and P. L. Pérez de Paz (MACB 93474); Tenerife:
La Esperanza, Monte de la Esperanza, pista del Acebiño,
A. R. Burgaz (MACB 100468, 99466).
Cladonia corsicana(Rondon and Vězda) Pino-Bodas, Burgaz
and M. P. Martín comb. nov.
Basionym: Cladonia turgida (Ehrh.) Hoffm. var. corsicana
Rondon and Vězda in Vĕzda, Lich. Selecti Exsicc. Fasc.
36: 2 (noº 881) (1970); type: France, Corsica, Dist.
Ste-Marie-Sicche, Coti-Chiavari, alt. 100 m, ad terram
macram graniticam in fossis viae vetustae, 5-VII-1969, Y.
Rondon et A. Vězda [holotype, PRM, isotypes, H!, S].
MycoBank: MB 519651
Iconography in Fig. 3.
Primary thallus squamulose, persistent, squamules, 6−13
(−14) mm long x 1−3(−4) mm wide, erect, entire margin or
irregularly lobate. Upper surface light green, lower surface
arachnoid, white to greyish or pinkish. Podetia frequent,
(4–)6−20(−24) mm long, (2–)5−10 mm wide, without
scyphi, branched at the apices, entirely open, split,
occasionally podetium walls are joined at the base, often
with oval perforations. Podetium surface smooth, corti-
cated, light-green. Apothecia common, dark brown. Asco-
spores simple (8–)9−12(−14) μm x (2.5–)3–4 μm. Pycnidia
on upper surface of squamules or sometimes on podetia,
globose, containing hyaline pycnidial gelatin. Conidia
thread-like (7–)8−10(−12) x 0.5−1 μm.
Anatomy Squamules of primary thallus (180–)220−395
(−402) μm thick; cortex (37–)50−90 μm; algal layer (20–)
25−50 μm; medulla (105–)125−290(−305) μm. Podetial wall
(140–)170−370(−400) μm thick; cortex 25−55(−63) μm;
algal layer (12–)20−45(−58) μm; medulla (25–)43−138
(−175) μm; stereome (75–)80−187(−210) μm.
Chemistry Pd+red, K– or K+dark brownish, KC–, C–, UV–.
Fumarprotocetraric acid and traces of protocetraric acid.
Habitat and distribution It grows on acid soils, in places with
a dominant vegetation of cork oak, Cistus shrubs and heath-
Fig. 3 Cladonia corsicana. a
Thallus, b detail of the podetia.
Bar 5 mm
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lands, at an altitude of 55–420 m. This species grows in
Corsica, Sardinia and the southwest of the Iberian Peninsula.
Remarks When podetia desiccate, they are twisting, giving
the impression that their walls are joined, which makes it
easy to confuse this species with C. subturgida.
Additional specimens examined FRANCE: Corsica: Ste-
Marie-Sicche, Coti-Chiavari, Y. Rondon and A. Vĕzda (H).
ITALY: Sardinia: Cagliari, Capoterra (SW of Cagliari),
Santa Barbara, F. Turno and M. C. Loi (H). PORTUGAL:
Algarve: Bensafrim, Sª do Espinhaço de Cao, A. R. Burgaz
(MACB 101073); Sª de Monchique, zwischen Monchique
und Marmelate, bei Casais, B. Litterski (H); Alto Alentejo:
Pégoes, Monte das Piçarras, A. R. Burgaz (MACB 100764,
100762). SPAIN: Cádiz: Alcalá de los Gazules, El Picacho,
Parque Natural, A. R. Burgaz (MACB 100765); Córdoba:
Villaharta, fuente de la Lastrilla, A. R. Burgaz (MACB
100761); Sevilla: Cazalla de la Sierra, P. Nat. de Sª Norte,
Finca UPA, A. R. Burgaz (MACB 100763, 101074).
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Abstract — Cladonia subulata and C. rei are two lichen species apparently closely 
related from a morphological viewpoint. Since both species also show a high 
morphological variability, it has been difficult to establish the limit between them, 
and their taxonomic classification has often been questioned. Nevertheless, they have 
different lichen substance contents. The present paper aims to clarify the taxonomy 
of C. subulata and C. rei. Their morphological, chemical, and anatomical variation is 
examined and correlated with the molecular data of three gene regions (ITS rDNA, 
rpb2 and ef1α). The results of the analyses reveal two strongly supported monophyletic 
clades, correlated with the two taxa. We conclude that C. subulata and C. rei should be 
maintained as two different species.
Key Words — Ascomycota, secondary chemistry, sibling species, species delimitation
Introduction
The lichens Cladonia subulata (L.) F.H. Wigg. and Cladonia rei Schaer. can be 
difficult to distinguish and therefore their taxonomic distinction has recently 
been questioned, particularly by Spier & Aptroot (2007). Traditionally, they 
have been regarded as two distinct species in spite of their great morphological 
similarity. Cladonia subulata is even the nomenclatural type species of the 
large genus Cladonia (Ahti 2000). The secondary metabolites, the presence of 
corticated areas at the base of podetia and the farinose or granular soredia are 
the main characters used to distinguish those species (Suominen & Ahti 1966, 
Wirth 1995, Brodo et al. 2001, James 2009).
Paus et al. (1993), who conducted an exhaustive revision of the morphological 
characters used to differentiate these species, concluded that none of them 
were sufficient to distinguish the two taxa. Nevertheless, they were attributed 
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a species rank based on their different habitat preferences. Spier & Aptroot 
(2007), on the contrary, concluded that as there are not enough characters to 
maintain the two taxa as independent they represent chemotypes of a single 
species. Syrek & Kukwa (2008) and James (2009), who have not accepted this 
viewpoint, retain C. subulata and C. rei as independent species.
The aim of this study is to resolve the complex C. subulata-C. rei and attempt 
to elucidate whether the complex represents two species or chemotypes of the 
one and the same species. To this end, three gene regions ITS rDNA, rpb2 and 
ef1α have been analyzed in combination with morphological and anatomical 
characters. Recent studies using DNA sequence data have clarified relationships 
in several lichen species with high morphological similarities (Argüello et al. 
2007, Ohmura & Kanda 2004, Amtoft et al. 2008). 
Material & methods
Lichen material
A total of 241 specimens of Cladonia subulata and 60 of C. rei were studied. The 
samples selected for molecular and morphological study were chosen from several 
places within the geographical range of these species and are listed in Table 1. Some 
morphologically similar species, such as C. glauca Flörke and C. cenotea (Ach.) Schaer., 
were included (Suominen & Ahti 1966, Nourish 1977, Paus 1997, James 2009). Cladonia 
cariosa (Ach.) Spreng. was used as an outgroup because it was basal in the clade where 
C. subulata and C. rei were included by Stenroos et al. (2002) in their phylogenetic 
trees.
Morphological and chemical data 
The samples were identified on the basis of morphology and secondary metabolites. 
The presence/absence of cortex at the base of podetia, presence/absence of squamules, 
branching type of podetia (type I: branched antler-like; type II: unbranched or 
forked at the apex), and cup shape of the podetia were studied macroscopically with 
a stereomicroscope, and the soredial size was measured under the light microscope. 
Microscopic measurements of the podetial wall thickness were carried out on sections 
cut with a freezing microtome. Iodine reactions were tested using Lugol’s solution after 
pre-treatment with 10% KOH. In addition, transverse and lengthwise sections at the 
base of the podetia were made and stained with lactophenol blue solution. The stereome 
surface was observed by Scanning Electron Microscopy (SEM) in longitudinal sections 
of the podetia. Statistical analyses were done by Statgraphics 5.1 computer program. 
The continuous characters normality and homogeneous variance were subject to analysis 
of variance (ANOVA) in association with the resulting clades of the phylogenetical 
analyses. Continuous characters that did not fulfill the normality and homogeneous 
variance were analyzed by Kruskal-Wallis test. The Kolmogorov-Simirnov test was used 
to check normality and Levence statistic to check the homogeneous variance. Binary 
characters were subjected to a test of contingency tables based on χ2 –statistic test.
Chemical composition was checked by thin layer chromatography (TLC) according 
to the standardized procedures of White & James (1985), with solvent systems A and 
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B. Moreover, 60 samples were visualized under UV light (Table 1), and FeCl
3
 reaction 
(alcoholic dissolution to 10%) was checked on 188 specimens (Table 1).
DNA extraction and PCR
Total DNA was extracted using DNeasy Plant Mini Kit (Quiagen) following the 
manufacturer’s instructions. The DNA was dissolved in 200 μl of buffer included in the 
kit. Three genetic regions were selected: ITS rDNA, rpb2 partial gene, and ef1α partial 
gene. The primers used to amplify the nuclear ITS rDNA were ITS1F (Gardes & Bruns 
1993) and ITS4 (White et al. 1990), alternatively 1780-5’F/LSU0012 (Piercey-Normore & 
DePriest 2001) or ITSCld /ITSClr (Pino-Bodas unpubl. data). The rpb2 partial gene was 
amplified using nested PCR. The first PCR was performed with the primer pair RPB2-
5F/ RPB2-7cR (Liu et al. 1999); 1 μl of the first amplification served as DNA template 
for a second reaction using the primers RPB2dRaq (5’ GCTGCTAAGTCTACCAT 
3’) /RPB2rRaq (5’ ATCATGCTTGGAATCTC 3’) newly designed in this study. The 
primers used to amplify ef1α partial gene were CLEF-3F/CLEF-3R (Yahr et al. 2006). 
The amplification program for ITS rDNA was: initial denaturation at 94 ºC for 5 min; 
5 cycles of 94 ºC for 30 s, 54 ºC for 30 s and 72 ºC for 1 min; and 33 cycles of 94 ºC for 
30 s, 48 ºC for 30 s and 72 ºC for 1 min; with a final extension at 72 ºC for 10 min. The 
amplification program for rpb2 was: initial denaturation at 94 ºC for 5 min; 40 cycles 
of 95 ºC for 30 s, 52 ºC for 30 s and 72 ºC for 2 min; with a final extension at 72 ºC for 
10 min. The amplification program for ef1α was: initial denaturation at 94 ºC for 5 min; 
35 cycles of 95 ºC for 30s, 55 ºC for 30s and 72 ºC for 1 min; with a final extension at 
72 ºC for 10 min. PCRs were carried out with Ready-to-Go-PCR Beads (GE Healthcare 
Life Sciences, UK). Amplifications were prepared for a 25 μl final volume. PCR was 
performed using the MJ Reseach-PTC-200 termocycler (Massachusetts). The PCR 
products were purified using the QIAquick Kit (QIAGEN, Valencia, California, USA). 
DNA sequencing
The primers for sequencing reactions were those used in PCR amplification. The 
sequencing reactions were done at the Secugen S. L. (CIB, Madrid, Spain) or Macrogen 
(Korea) sequencing service (www.macrogen.com). SequencherTM program (Gene Codes 
Corporation, Inc, Ann Arbor, Michigan, USA) was used to assemble the consensus 
sequence from the two strands of each isolate.
Sequence alignments and data analysis
The sequences were manually aligned with SE-AL v2.0a11 Carbon (Rambaut 1996) 
with each region aligned separately. The transitions and transversions were considered 
for aligning the sequences. The ambiguous positions were removed.
After each gene region was separately analyzed, a matrix combining the three studied 
gene regions was constructed in which we included only taxa for which sequences of all 
three gene regions were available. Both individual regions and the combined matrix were 
analyzed using Maximum Parsimony (MP) and Bayesian Analysis. MP analyses were 
conducted with PAUP* version 4.0b10 (Swofford 2002) using heuristic search with 500 
replicates and TBR Branch-swapping option. Bootstrap analyses were performed with 
10.000 replicates, using the fast-step option. MrModeltest (Nylander 2004) was used for 
selecting the best evolution model (Table 2) for each region. Bayesian analyses were 
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carried out by MrBayes 3.1 (Huelsenbeck & Ronquist 2001). The posterior probabilities 
were approximated by sampling trees using Markov Chain Monte Carlo (MCMC). The 
posterior probabilities of each branch were calculated by counting the frequency of trees 
visited during MCMC analysis. Model parameters were estimated in each analysis for 
2.000.000 generations sampled in 12 simultaneous chains and every 100th was saved 
into a file. Plots of likelihood were examined for each run to determine the number 
of generations required to reach stationarity (burn-in) by Tracer v.1.0. (http://tree.bio.
ed.ac.uk/software/tracer/). Then, the MCMC convergence was evaluated by performing 
cumulative and sliding window analyses of posterior probability and among-run 
variability of cumulate and split frequencies using the online application AWTY 
(Nylander et al. 2008). The initial 2000 trees were discarded. Using the “sumt” command 
of MrBayes, the 50% majority-rule consensus tree was calculated from 36,000 trees 
sampled after reaching likelihood convergence to calculate the posterior probabilities of 
the tree nodes. The statistical congruence among the different regions was tested using 
ILD test (Farris et al. 1994; Huelsenbeck et al. 1996) carried out with PAUP. A conflict 
between ITS and rpb2 and ITS and ef1α was found. The incongruities detected among 
the different data sets appeared in the C. rei clade. When incongruities appear among 
the different data sets, these sets can be analyzed as a whole or separately. This work 
followed the methodology proposed by Wiens (1998), who advises to separately analyze 
each data set and to assess the support of each clade; then to carry out a combined 
analysis of all the data sets, finally deeming as questionable those parts of the tree where 
incongruities are found.
Results
Phylogenetic analyses
In this work, 80 new sequences have been generated, of which 32 are of 
ITS rDNA, 22 of rpb2, and 26 of ef1α. The alignment of the ITS rDNA region 
contained 582 positions while the rpb2 and ef1α alignments contained 891 and 
612, respectively. 
The MP analyses based on ITS rDNA region generated 500 equally 
parsimonious trees of 127 steps. The likelihood parameters of Bayesian 
analyses are shown in Table 2. Both analyses generated topologically similar 
trees. The majority Bayesian consensus tree (Fig. 1A) shows three strongly 
supported monophyletic clades. One clade groups all the specimens delimited 
as C. subulata; another clade includes all the samples identified as C. rei; and 
the third clade comprises the samples of C. glauca and C. cenotea. Within the 
C. rei clade, two strongly supported subclades appear. In both subclades, the 
specimens come from different geographical origins (Table 1). 
The MP and Bayesian analyses based on rpb2 partial gene display a similar 
topology (Fig. 1B). The MP analysis generated 500 equally parsimonious trees, 
162 steps long. The rest of the parameters, together with the likelihood values of 
the Bayesian analysis are shown in Table 2. As in the ITS rDNA analyses, three 
strongly supported clades appear, one corresponding to C. subulata, another 
to C. rei and a third including C. glauca and C. cenotea. Only one strongly 
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Table 2. Information on MP analyses, evolutionary model and likelihood parameters 
of Bayesian analyses. 
Parameter ITS rDNA rpb2 ef1α Combined
M
P
CI 0.8920 0.8377 0.9292 0.8667
RI 0.9530 0.9448 0.9815 0.9518
RC 0.8501 0.7915 0.9120 0.8249
informative 
characters
73 98 66 232
B
ay
es
ia
n
 a
n
al
ys
es
Model SYM+I SYM+G SYM+G GTR+I+G
-LnL -1582.984 (0.07398) -2128.058 (0.02592) -1527.70 (0.00723) -5172.63 (0.01232)
π (A) - - - 0.2601 (0.00008)
π (C) - - - 0.2519 (0.00008)
π (G) - - - 0.2415 (0.00008)
π (T) - - - 0.2465 (0.00007)
r (A-C) 0.4745 (0.00235) 0.0468 (0.00031) 0.0605 (0.00051) 0.0591 (0.00016)
r (A-G) 0.2498 (0.00248) 0.2375 (0.00165) 0.2485 (0.00246) 0.2472 (0.00067)
r (A-T) 0.1474 (0.00130) 0.0873 (0.00055) 0.0808 (0.00073) 0.1150 (0.00028)
r (C-G) 0.0666 (0.00050) 0.0326 (0.00022) 0.0312 (0.00036) 0.3326 (0.00009)
r (C-T) 0.4095 (0.00311) 0.5272 (0.00246) 0.5026 (0.00349) 0.4944 (0.00093)
r (G-T) 0.0566 (0.00046) 0.0684 (0.00044) 0.0760 (0.00080) 0.0608 (0.00017)
α - 0.2748 (0.01024) 0.3535 (0.04190) 73.254 (0.00007)
Pinvar 0.6021 (0.00198) - - 0.6233 (0.00795)
Bayesian parameters: mean value (variance)
Models selected by AIC criterion using MrModeltest
supported subclade can be distinguished within the C. rei clade. However, it 
does not correspond to any of those appearing in the ITS rDNA analyses. The 
samples of this subclade have different geographical origins. 
The MP analyses based on ef1α partial gene generated three equally 
parsimonious trees of 113 steps. The remaining MP parameters and Bayesian 
likelihood values are shown in Table 2. Analyses corresponding to this ef1α 
region also show three strongly supported monophyletic clades (Fig. 1C). In the 
C. subulata clade, one low-support subclade can be observed. The topologies of 
the MP and Bayesian consensus trees were not strictly identical. The MP tree 
shows C. cenotea apart from the C. glauca samples, while the Bayesian tree does 
not. The Bayesian analysis was repeated using GTR+I+G model and the result 
was the same.
The MP analyses based on the combined dataset generated 500 equally 
parsimonious trees of 405 steps long. The remaining parameters of the MP 
analyses, together with the likelihood values of the Bayesian analyses are 
shown in Table 2. Both analyses generated topologically similar trees (Fig. 2). 
Three strongly supported monophyletic clades appear, one corresponding to 
C. subulata, another to C. rei, and the third to C. glauca and C. cenotea.
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Fig. 2. The 50% consensus majority-rule tree based of combined data set (ITS 
rnDNA, rpb2 partial gene and ef1α partial gene) from Bayesian/MCMC. The 
highly supported branches (bootstrap ≥ al 70% and posterior probability ≥ 
95%) are indicated in bold.
The ILD-based congruence analysis revealed one conflict between the ITS 
rDNA + rpb2 partial gene matrices and another conflict between the ITS rDNA 
+ ef1α partial gene matrices. The cause of these incongruities lies in 4 samples 
of Cladonia rei (4REI, 8REI, 17REI and 18REI), which appear in different 
subclades in the analyses. The three data matrices were combined, however, in 
accordance with Wiens (1998).
Morphological and chemical analysis
The SEM showed notable differences between the stereome surfaces of 
Cladonia subulata and C. rei. In C. rei, the internal face of the stereome lacks 
pores, while C. subulata samples display a reticulated stereome with pores (Fig. 
3). Furthermore, under the light microscope the transverse and lengthwise 
podetial sections (Fig. 4) reveal stereome hyphae that are thinner in C. subulata 
(2-3 μm diam.) than in C. rei (3.75-5 μm diam.). In both cases, the stereome 
hyphae are arranged lengthwise along the podetia.
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Fig. 3. SEM micrographs of the stereome surface.  
A) Cladonia subulata. B) C. rei. Bar = 100 μm.
Fig. 4. Microtome sections of stereome under light microscope.  
A) Transversal section of C. subulata. B) Lengthwise section of C. subulata.  
C) Transversal section of C. rei. D) Lengthwise section of C. rei.  
Bar = 50 μm. 
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 Table 4. Statistical analyses for continuous characters. 
Character C. subulata C. rei p
Soredium size 17.5-80 (125) (14.5) 20-65 (100) 4.42e-8**
Podetium thickness 115-310 (350) (112.5) 130-400 (707.5) 0.0054**
Medule thickness 47.5-225 (250) (22.5) 30-227.5 (260) 0.0029**
Stereome thickness 35-145 (187.5) (14.5) 20-212.5 (400) 0.0000**
stereome/medule ratio 1.36-5.0 (5.70) (1.22) 1.27-2.63 (3.08) 6.57e-11**
The minimum value corresponds to percentile 1 and the maximum to percentile 95. The absolute 
maximum and minimum values are in brackets. 
p, significance level (* p < 0.05, ** p < 0.01).
The contingency table (Table 3) shows the correlation between the qualitative 
morphological characters previously used to distinguish these taxa and the 
clades implied by the phylogenetic analyses. Significant differences are observed, 
such as the presence/absence of squamules and the presence of basal cortex on 
the podetia, while there are no significant differences between both taxa in the 
podetial branching type. Significant statistical differences were found in the 
podetial anatomical characters (Table 4), with the podetial wall being thicker 
in C. rei than in C. subulata, as also the medulla and stereome layers are, with 
the stereome/medulla ratio higher in C. subulata. Also, the soredial granules 
are significantly larger in C. rei than in C. subulata. 
 Table 3. Results of the contingency table for C. subulata and C. rei. 
Character p
Presence/absence of basal squamules 0.035 *
Presence/absence of scyphi 0.13
Presence/absence of basal cortex 0.00008 **
Branching type I/branching type II 0.196
p, significance level (* p < 0.05, ** p < 0.01).
TLC analyses revealed that 36 samples of C. rei contained homosekikaic 
acid together with fumarprotocetraric acid, while 24 samples contained 
only homosekikaic acid. In both cases, homosekikaic acid was accompanied 
by small amounts of sekikaic acid. Furthermore, in the samples of C. rei the 
accessory substance 4’-O-methylnorhomosekikaic acid was found. Frequently 
fumarprotocetraric acid is accompanied by protocetraric acid; besides, in 8 of 
the samples containing fumarprotocetraric acid, also confumarprotocetraric 
acid was detected. In all C. subulata samples fumarprotocetraric acid was 
present with protocetraric acid. In addition, in 34 of these samples the satellite 
substance confumarprotocetraric acid occurred.
The UV test, traditionally used to detect the presence of homosekikaic 
acid, was applied to 60 samples; 87.5% of the samples where TLC detected 
homosekikaic acid gave a positive fluorescence. On the other hand, 96% 
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of the samples where TLC detected only fumarprotocetraric acid gave no 
fluorescence. The FeCl
3 
test applied to 188 samples gave a positive reaction in 
90% of the samples containing homosekikaic acid and was negative in 98% of 
the specimens containing only fumarprotocetraric acid.
Discussion
Evaluation of characters
Soredium size. Soredium size is one of the main characters used for species 
differentiation in many Cladonia species, as in the complex C. chlorophaea 
(Flörke ex Sommerf.) Spreng.–C. fimbriata (L.) Fr. (Hennings 1983). However, 
in C. ochrochlora Flörke the soredium size is variable (Hammer 1993). 
Statistically significant differences in soredium size were found in C. subulata 
and C. rei, with the soredial granules being bigger in C. rei (Table 4). As several 
factors (e.g., age, development stage, environmental conditions) probably affect 
soredium size (Paus et al. 1993), using this character to distinguish these species 
must be used with caution.
Cortex at the base of podetia. Earlier authors have discussed the utility 
of the podetial cortex to differentiate C. rei from C. subulata. Paus et al. (1993) 
and Spier & Aptroot (2007) consider it unreliable, while Syrek & Kukwa (2008) 
accept it as reliably diagnostic. Although a great many of the C. rei specimens 
studied were corticated, 40.62% of the C. subulata podetia also have corticate 
bases. The presence of this cortex was sometimes difficult to observe because it 
was covered by soredia and could be detected only by a transversal section of 
the podetium. 
Squamules at the base of podetia. There are statistically significant 
differences between the C. subulata and C. rei clades related to the presence 
of squamules at the base of podetia (Table 4). However, as only 34.69% of 
C. rei podetia have squamules, possession of squamules cannot be used to 
differentiate these two species. In fact, Evans (1930) differentiated two forms 
of C. nemoxyna (Ach.) Arnold (a synonym of C. rei): C. nemoxyna f. fibula 
(Ach.) Vainio—lacking podetial squamules—and C. nemoxyna f. phyllocephala 
Arn.—with squamulose podetia. The presence/absence of squamules on the 
podetia is actually a variable character in many Cladonia species, e.g., C. furcata 
(Huds.) Schrad. and C. rangiformis Hoffm. (Burgaz & Ahti 2009). 
Morphology of podetia. The presence of antler-like, irregularly branched 
podetia is one character attributed to C. subulata (Brodo 2001, Osyczka 2006, 
James 2009). In the material used for this paper, however, no significant 
differences were found between the podetia of C. subulata and C. rei. It is worth 
noting that much C. subulata material studied here was young and not well 
developed. Other authors (Paus et al 1993, Spier & Aptroot 2007) consider the 
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podetia morphology to be of little taxonomic value due to the wide variability 
(simple, cup-like, irregularly branched) that podetia show.
Anatomical characters. Statistically significant differences between 
Cladonia subulata and C. rei were found in the thickness of the podetial wall 
(Table 4). Nevertheless, as in soredium size, the thickness of the podetial wall 
and the thickness of each layer are widely variable in these two taxa, making it 
difficult to identify the two species based only on these characters. On the other 
hand, such anatomical features can be used to differentiate other similar taxa 
such as C. mediterranea P.A. Duvign. & Abbayes from C. mitis Sandst., C. ciliata 
Stirt. var. ciliata from var. tenuis (Flörke) Ahti (Burgaz & Martínez 2008), or the 
species within the C. gracilis (L.) Willd. group (Ahti 1980). In some cases, some 
taxonomic value is attributed to the stereome surface (Ahti 1980), which is 
different in C. rei and in C. subulata. Under the stereomicroscope, the reticulated 
stereome surface of C. subulata and the smooth stereome surface of C. rei can 
sometimes be observed. In most cases, however, a SEM is required to observe 
stereome surfaces, greatly limiting its utility for an everyday identification. 
Besides, the differing stereome hyphal thicknesses in those species may be 
responsible for the differences seen on the stereome surface. 
Color of the podetia. The color of the podetia of C. subulata reportedly 
varies from whitish-greyish to bright green, up to brownish green, or at least 
with zones of brownish coloring, while in C. rei the podetia vary from brownish 
green to dirty brown (Suominen & Ahti 1966, Thomson 1968, James 2009); 
nevertheless color could turn out to be an ambiguous character due to the 
variation within either species (Paus et al. 1993, Spier & Aptroot 2007). In the 
present study we found that the podetia of C. subulata are often pale green or 
whitish (though some of them present brownish zones), while in C. rei they are 
green brownish. 
Chemistry. Secondary metabolites were confirmed as the only reliable 
characters to distinguish C. rei and C. subulata. A negative p-phenylenediamine 
(Pd) reaction is still useful in diagnosing specimens as C. rei. But a positive 
reaction is not reliable (Pišút 1961, Paus et al. 1993, Spier & Aptroot 2007), 
because many C. rei samples contain fumarprotocetraric acid in addition to 
homosekikaic acid, although Suominen & Ahti (1966) note that the C. rei Pd 
reaction is slow, being yellow at first, while in C. subulata it is normally instantly 
red, due to different fumarprotocetraric acid concentrations. Specimens 
containing homosekikaic acid do appear white under UV, but our results have 
shown small errors occur in detecting the presence of homosekikaic acid using 
the UV test. Nonetheless, we find the UV test useful in differentiating the 
species in most cases. Homosekikaic acid can also be detected by the ferric 
chloride test, which produces a violet spot when it is positive (Huneck & 
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Yoshimura 1996). Although this reaction is not used in the keys, we consider it 
useful for differentiating C. rei from C. subulata, and it should be included in 
the identification keys.
Delimitation of the taxa
Despite the high phenotypic similarity of C. subulata and C. rei, the 
phylogenetic analyses of the ITS rDNA, rpb2 and ef1α regions show two 
strongly supported monophyletic clades. These clades agree with the chemical 
variability of the C. subulata-C. rei complex. All the specimens included in 
the C. rei clade contain homosekikaic acid with fumarprotocetraric acid as a 
frequent accessory substance, while in the C. subulata clade no specimens with 
homosekikaic acid were found. If the taxa belonged to a single species with 
two (to three) chemotypes, it should be expected that the chemotypes would 
appear intermingled, which is not true. Besides, each clade is associated with a 
different set of morphological characters. 
In addition, the two species have obviously different ecological requirements. 
Cladonia rei is a terricolous species growing in open areas with low humus content 
and subneutrophilous substrate. It may sometimes grow on impoverished soils 
with high heavy metal content (Hajdúk & Lisická 1999). Cladonia subulata 
grows on humus-rich acidophilous substrates and even in shady areas (Sipman 
1977, Paus et al. 1993, Hammer 1995, Syrek & Kukwa 2008). However, both 
species do occasionally grow on wood or bare rocks (Spier & Aptroot 2007). 
Both taxa are broadly distributed in Europe, Asia, and North America and have 
also been found in Australasia. However, C. rei has not been reported for South 
America or the Antarctic, while C. subulata grows in Argentina and Chile. In 
general C. subulata has a wider distribution, although absent in warm areas, 
while C. rei is more common in temperate or sub-arid areas, being absent in 
Arctic and Antarctic zones (Ahti in litt.).
Suominen & Ahti (1966) found that the C. rei chemotypes usually did 
not appear intermingled, suggesting that the chemotypes are genetically, 
not environmentally, determined. But the incongruities detected among the 
different data sets within the C. rei clade shows that phylogenetic relationships 
within this clade are not fully resolved (Wiens 1998). 
Our results support C. subulata and C. rei as two independent phylogenetic 
species. This conclusion is founded on: 1) the genealogic concordance of 
the three gene regions; 2) the existence of a correlation between clades and 
morphological characters; and 3) the fact that both species have different 
habitats. Our data corroborate the results obtained in the phylogenetic study 
of Cladonia by Stenroos et al. (2002) and Dolnik et al. (2010) where C. subulata 
and C. rei appear in separate clades. Spier & Aptroot (2007) pointed out that 
the Canadian specimen of C. rei (AF455191) analyzed by Stenroos et al. (2002) 
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possibly belongs to another taxon than the European ones. Our ITS analysis, 
which included this sequence, shows it grouping with the other C. rei samples.
Cladonia glauca is morphologically similar to C. rei, sharing grey brownish 
podetia and squamules at the podetia base (Brodo et al. 2001, Syrek & Kukwa 
2008, James 2009, Burgaz & Ahti 2009). However, they contain different lichen 
substances representing different biosequential groups. Cladonia glauca has 
squamatic acid or (rarely) thamnolic and barbatic acids (Burgaz et al. 1999, 
Burgaz & Ahti 2009). In addition, C. glauca presents a very peculiar groove along 
the podetium that distinguishes it from C. rei, and it is fully unable to produce 
cups (scyphi), which occur in mature specimens of C. rei and C. subulata. 
Our phylogenetic analyses clearly separate C. glauca from C. rei. Cladonia 
glauca seems to be related to C. cenotea (in some areas they can be difficult 
to distinguish), and Stenroos et al. (2002) cite C. cenotea as phylogenetically 
related to C. crispata (Ach.) Flot. and C. subsubulata Nyl. Nevertheless, further 
studies including additional taxa are necessary to establish the phylogenetic 
relationships of C. glauca. 
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Species delimitations in the Cladonia cariosa group
(Cladoniaceae, Ascomycota)
Raquel PINO-BODAS, Ana Rosa BURGAZ, María P. MARTÍN
and H. Thorsten LUMBSCH
Abstract: Phenotypic characters, either morphological or chemical, have shown to be insufficient to
delimit species boundaries in the genus Cladonia. The present study addresses the circumscription of
species within the Cladonia cariosa group, examining a number of specimens of the currently accepted
taxa Cladonia cariosa, C. symphycarpa, C. acuminata, C. subcariosa and C. latiloba. We employed
maximum likelihood and Bayesianmethods of phylogenetic reconstructions based onDNA sequences
of ITS, rpb2 and ef1 regions. Our results show that the C. cariosa group consists of at least four
phylogenetic lineages. It is also shown that each of these lineages is chemically variable, which restricts
the taxonomic value of the chemical differences within the group. However, anatomical differences,
such as squamule surface and cortex structure, were found to correlate with the distinct lineages found
in the phylogenetic analysis. This result confirms the taxonomic value of the cortical surface under
SEM, as was found in other lichen groups.
Key words: chemistry, Lecanorales, lichens, taxonomy
Introduction
The circumscription of species in lichen-
forming fungi has largely been based onmor-
phological or chemical characters. Especially
in groups of foliose and fruticose lichens,
characters of the vegetative thallus have been
widely used in the distinction of taxa. How-
ever, there is a growing body of evidence
fromDNA-based studies that morphological
and chemical characters do not reflect the
real number of species in lichenized fungi
(Crespo & Lumbsch 2010). Cladoniaceae is a
perfect example to illustrate the difficulties of
species circumscriptions using phenotypic
characters. Several phylogenetic studies have
demonstrated a remarkable amount of phe-
notypic disparity in this family (Stenroos &
DePriest 1998; Wedin et al. 2000; Stenroos
et al. 2002a, b; Zhou et al. 2006; Lumbsch
et al. 2010; Parnmen et al. 2010). In fact, it
is well known among lichenologists that
species recognition within the core genus of
the family, Cladonia, is not an easy task
(Thomson 1968; Ahti & Sohrabi 2006; Syrek
& Kukwa 2008). Morphology-based species
circumscriptions in Cladonia rely heavily on
the secondary thallus, the so-called podetia,
while the primary thallus is simpler and has
been used to distinguish taxa only in a few
instances (Ahti 2000). However, numerous
species of Cladonia are morphologically vari-
able (Ahti 2000; Kotelko & Piercey-
Normore 2010), for example C. furcata
(Huds.) Schrad. (Ahti & Hammer 2002), C.
ramulosa (With.) J. R. Laundon (Ahti 2000;
Burgaz & Ahti 2009) or C. squamosa Hoffm.
(James 2009). The situation is compli-
cated by chemical variability that is often
not clearly associated with morphological
differentiation.
Phylogenetic studies employing molecular
data to address species circumscription in
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Cladonia have helped to elucidate evolution-
ary relationships, and to determine the
taxonomic relevance of the phenotypic
characters in species delimitation. For
instance, in the C. arbuscula group, a number
of taxa had been described on the basis of
different morphologies. However, molecular
data suggest that these morphotypes belong
to one morphologically variable lineage
(Piercey-Normore 2010). The chemical
variability in the C. chlorophaea group could
not be correlated with PCR-RFLP patterns
found in studies which used ribosomal
nuclear DNA (DePriest 1993, 1994). In the
C. pyxidata and C. pocillum groups, neither
species was found to be monophyletic, and
the morphological variation was found to be
determined by soil pH (Kotelko & Piercey-
Normore 2010). In the cases of C. subulata
(L.) F. H.Wigg. andC. rei Schaer., twomor-
phologically and chemically variable species
whose delimitation was disputed (Spier &
Aptroot 2007), the presence of different
secondary metabolites was shown to be cor-
related with different clades identified in
phylogenetic studies using molecular data
(Dolnik et al. 2010; Pino-Bodas et al. 2010).
This study focuses on the Cladonia cariosa
group, defined by Culberson (1969), Harris
(1975) and Culberson et al. (1993) as con-
sisting of C. brevis (Sandst.) Sandst., C.
cariosa (Ach.) Spreng., C. polycarpia G.
Merr., C. polycarpoides Nyl., C. sobolescens
Nyl. ex Vain., C. subcariosaNyl.,C. subclavu-
lifera Asahina and C. symphycarpa (Flörke)
Fr. These species are characterized by a
persistent primary thallus and ascyphose
podetia. Nevertheless Cladonia brevis, C.
polycarpia, C. polycarpoides, C. subcariosa,
C. sobolescens and C. subclavulifera differ in
their secondary metabolites (Evans 1944;
Culberson 1969; Park 1985; Huovinen et al.
1989; Culberson et al. 1993), but not in
morphology, and so Ahti (2000) combined
them in a single species, namely C. sub-
cariosa. Consequently, the Cladonia cariosa
group then consisted of C. cariosa, C. sub-
cariosa and C. symphycarpa. Cladonia sub-
cariosawas later shown to be distantly related
to the C. cariosa group despite their morpho-
logical similarity (Kärkkäinen 2000). How-
ever, C. cariosa and C. symphycarpa
constitute a monophyletic group along with
C. acuminata (Ach.) Norrl. (Stenroos et al.
2002a). The latter differs morphologically
from C. cariosa and C. symphycarpa in having
sorediate podetia, unbranched or dichoto-
mously branched near the tips (Ahti 2000).
Hence, the Cladonia cariosa group currently
includes C. acuminata, C. cariosa and C. sym-
phycarpa, which are the focus of this study.
These three taxa have production of the sec-
ondarymetabolite atranorin and a calcareous
substratum in common (Stenroos 2002a).
The morphological characters used to dis-
tinguish C. cariosa from C. symphycarpa are
subtle and variable and include squamule
size and the amount of podetium fissures,
which are more abundant in C. cariosa (Sten-
roos et al. 1992; Piercey-Normore 2003;
Burgaz & Ahti 2009). Species identification
is further complicated by the frequent lack of
podetia in C. symphycarpa (Masselink & Sip-
man 1985; Carlin & Larsson 1994). The
chemical variation has been widely employed
to distinguish C. cariosa from C. symphy-
carpa, but it was found that they share several
chemotypes (Harris 1975; Culberson et al.
1993; Piercey-Normore 2003; Bültmann &
Lünterbusch 2008; Burgaz & Ahti 2009).
Cladonia cariosa has seven chemotypes: atra-
norin only (the most common chemotype,
including the type material); atranorin and
fumarprotocetraric acid; atranorin and
homosekikaic acid; atranorin and norstictic
acid; atranorin and psoromic acid; atranorin
and rangiformic acid or atranorin, fumarpro-
tocetraric and rangiformic acids. Five
chemotypes have been described for C. sym-
phycarpa: atranorin only; atranorin and
norstictic acid (the most common chemo-
type); atranorin, norstictic and stictic acids;
atranorin and psoromic acid; and atranorin
and fumarprotocetraric acid. The chemotype
containing psoromic acid was described as
C. dahliana (Kristinsson 1974), but some
authors considered it as a synonym of C.
symphycarpa, since they are morphologically
indistinguishable (Ahti 1976; Randlane
1986; Ahti & Hammer 2002; Burgaz & Ahti
2009). The chemotype with stictic acid
has been found only in Tierra de Fuego
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(Stenroos & Ahti 1990; Stenroos et al. 1992).
In specimens related to C. symphycarpa
from Iceland and Andorra, bourgeanic acid
was found (Culberson et al. 1993; Azuaga
et al. 2001), but the identity of this material
has not been confirmed. Given the high
chemical variability of C. cariosa and C. sym-
phycarpa, and the fact that several chemo-
types are present in both species, the
secondary metabolites cannot be used as
discriminant characters to tell them apart.
Cladonia acuminata consists of three chemo-
types that are morphologically indistinguish-
able (Huovinen et al. 1989): atranorin and
norstictic acid; atranorin only; and atranorin
and psoromic acid. The chemotype with
psoromic acid was described as C. norrlinii
Vain. or C. acuminata var. norrlinii Lynge
Ahti (2000) showed that the type material of
C. acuminata var. norrlinii contains norstictic
and not psoromic acid and consequently
included this taxon in C. acuminata. In con-
trast, Harris (2009) described C. acuminans
R. C. Harris as a different species from the
psoromic acid chemotype, arguing that the
distribution area of two chemical variants is
different. Though both chemotypes coexist
in North America, the one with psoromic
acid is not present in Europe.
The aim of this study is to elucidate the
species boundaries within the C. cariosa
group and to examine whether the chemi-
cally variable taxa C. acuminata, C. cariosa
and C. symphycarpa are correlated with
phylogenetic lineages.
Materials and Methods
Taxon sampling
In this study we checked the identifications of 323
specimens of the following species:Cladonia cariosa (114
samples), C. symphycarpa (140 samples), C. acuminata
(19 samples), C. subcariosa (49 samples) and C. latiloba
Ahti & Marcelli (1 sample). The specimens are held in
the herbaria B, BG, H, L,MACB, S andUPS, including
the types of C. cariosa (H-ACH-1577) and C. symphy-
carpa (UPS). For the molecular study, specimens were
chosen from different geographical origins, including
most of the known chemical variability in the group
(Table 1). The species were identified using morpho-
logical characters (squamule size and morphology of
podetia), according to Ahti (2000), Ahti & Hammer
(2002) and Burgaz & Ahti (2009). Cladonia subcariosa
and C. latiloba were used here as outgroup, based on
Kärkkäinen (2000) and on our data (Appendix 1).
Though they do not belong to the C. cariosa group,
Cladonia cariosa and C. latiloba are basal to it.
DNA extraction, PCR amplification and DNA
sequencing
Before DNA extraction, the secondary metabolites
were extracted by soaking the specimens in acetone for
two hours, and the liquid was then used for thin-layer
chromatography (TLC). The DNeasy Plant Mini Kit
(QIAGEN, Hilden, Germany) was used to extract
DNA, according to the manufacturer’s instructions.
The DNA was dissolved in 200 l of buffer included in
the kit. The three following loci were amplified: nuclear
ITS rDNA using primer ITS1F (Gardes & Bruns 1993)
and ITS4 (White et al. 1990), rpb2 using two pairs of
primers, RPB2-5F/RPB2-7R (Liu et al. 1999) and
RPB2dRaq/RPB2rRaq (Pino-Bodas et al. 2010), and
ef1 using CLEF-3F/CLEF-3R (Yahr et al. 2006).
PCRs were carried out with Ready-to-Go-PCR Beads
(GE Healthcare Life Sciences, UK). The volume of
reaction was 25 l for each tube, with 0·4 mM final
concentration of primers. The volume of extractedDNA
used for the PCR was 1 l. The amplification programs
were: 1) 94°C for 5 min; 5 cycles of 94°C for 30 s, 54°C
for 30 s and 72 ºC for 1 min; and 33 cycles of 94°C for
30 s, 48°C for 30 s and 72°C for 1 min; with a final
extension of 72°C for 10 min (Martı´n & Winka 2000)
for nuclear ITS rDNA, 2) initial denaturation at 94°C
for 5 min; 40 cycles of 95°C for 1 min, 52°C for 30 s and
72°C for 2min; with a final extension at 72°C for 10min
for rpb2 region, and 3) initial denaturation at 94°C for
5 min; 35 cycles of 95°C for 1 min, 55°C for 30 s and
72°C for 1min; with a final extension at 72°C for 10min
for ef1 region. PCR products were purified using
the QIAquick gel extraction Kit (QIAGEN, Hilden,
Germany). The purified DNA was dissolved in 40 l of
buffer included in the kit. The sequencing reactions
were done at Secugen S. L. (CIB, Madrid, Spain) and
Macrogen (South Korea) service (www.macrogen.
com), with the same primers used for the PCR.
Sequence alignment and phylogenetic analysis
The alignments were made manually with SE-AL
v2.0a11 (Rambaut 1996) for each locus separately.
Eight ambiguous positions in the ITS rDNA matrix
were removed, while the matrices of ef1 and rpb2 did
not contain ambiguous positions. Each region was ana-
lyzed by maximum parsimony (MP) and maximum
likelihood (ML). MP analyses were made using PAUP
version 4.0.b.10 (Swofford 2002), using heuristic
searches with 1000 random taxon-addition replicates
with TBR branch swapping and MulTrees option in
effect, equally weighted characters and gaps treated as
missing data. For the confidence analysis the bootstrap
was applied, with 10 000 replicates, using the fast-step
option. Congruence among the different topologies
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inferred from the loci was tested following Lutzoni et al.
(2004). Each clade with more than 75% bootstrap sup-
port in the single-gene analyses was scanned for con-
flict among loci. Since no incongruence was detected
among loci, the datasets were combined. MrModeltest
(Nylander 2004) was used for selecting the most appro-
priate nucleotide substitution model for each locus
using the AIC criterion. The combined dataset was
analyzed by ML and a Bayesian approach. The ML
analysis was implemented using Tree-Puzzle 5.2
(Schmidt et al. 2002) assuming a GTR+I+G model.
The Bayesian analysis was carried out using MrBayes
3.1.2 (Huelsenbeck & Ronquist 2001). The combined
dataset was partitioned into seven sections: ITS rDNA,
and each of three codon positions of ef1 and rpb2,
respectively. Themodel SYM+Gwas applied to the ITS
part and each partition of ef1, while the K80+G model
was used for all partitions of rpb2. The posterior prob-
abilities were approximated by sampling trees using
Markov Chain Monte Carlo (MCMC). The posterior
probabilities of each branch were calculated by counting
the frequency of trees visited during MCMC analysis.
Two simultaneous runs with 20 000 000 generations,
each starting with a random tree and employing 4 sim-
ultaneous chains, were executed. Every 1000th tree was
saved into a file. The first 1 000 000 generations (i.e. the
first 1000 trees) were deleted as the ‘burn in’ of the
chain. AWTY (Nylander et al. 2008) was used to deter-
mine when the chains reached the stationary stage. The
50% majority-rule consensus tree was calculated using
the ‘sumt’ command of MrBayes.
The pairwise fixation index FST (Weir & Cockerham
1984) was calculated with DnaSP v. 5 (Librado &
Rozas 2009) using the combined dataset. The FST was
T 1. List of taxa and specimens, locality, collection and GenBank accession numbers used in this study
Taxon Locality and collection ITS rpb2 ef1
Clade A C. cariosa 1 Spain, Teruel, MACB 45292 JN621908 JN621940 JN621972
C. cariosa 2 Spain, Lérida, MACB 94208 JN621909 JN621941 JN621973
C. cariosa 3 USA, Michigan, S F53032 JN621912 JN621944 JN621976
C. cariosa 4 Norway, Nord-Trondelag, BG L79658 JN621913 JN621945 JN621977
C. cariosa 5 Finland, Uusimaa, H JN621915 JN621947 JN621905
C. cariosa 6 Finland, Tavastia Proper, H JN621916 JN621948 JN621979
C. cariosa 7 Russia, Karelia Republic, H JN621917 JN621949 JN621980
C. cariosa 8 Canada, Manitoba, H JN621934 JN621950 JN621981
C. cariosa 9 Spain, Barcelona, MACB 94207 JN621907 JN621939 JN621971
Clade B C. symphycarpa 1 Spain, Burgos, MACB 93496 JN621918 JN621951 JN621982
C. symphycarpa 2 Spain, Guadalajara, MACB 93559 JN621919 JN621952 JN621983
C. symphycarpa 3 Sweden, Öland, S L50055 JN621923 JN621956 JN621988
C. symphycarpa 4 USA, Michigan, S F53075 JN621924 JN621957 JN621989
C. symphycarpa 5 Germany, Oldenburg, B 60 0122320 JN621925 JN621958 JN621990
C. symphycarpa 6 Germany, Oldenburg, B 60 0125267 JN621926 JN621959 JN621984
C. symphycarpa 7 Bosnia and Herzegovina, Sarajevo,
MACB 101124
JN621931 JN621964 JN621995
C. symphycarpa 8 Norway, Nordland, BG L784035 JN621914 JN621946 JN621978
Clade C C. acuminata 1 USA, Alaska, H JN621932 JN621965 JN621996
C. acuminata 2 Canada, Manitoba, H JN621933 JN621966 JN621997
C. acuminata 3 Chile, Región XII Magallanes y
Antartida, MACB 92017
JN621920 JN621953 JN621985
C. acuminata 4 Spain, Palencia, MACB 92739 JN621922 JN621955 JN621987
C. acuminata 5 Canada, Manitoba, H JN621928 JN621961 JN621992
Clade D C. cariosa s. lat. 1 Spain, Gerona, MACB 94205 FR695863 HQ340075 JN621904
C. cariosa s. lat. 2 Portugal, Tras-os-Montes, MACB
93984
JN621906 JN621938 JN621970
C. cariosa s. lat. 3 Spain, Ávila, MACB 93018 JN621910 JN621942 JN621974
C. cariosa s. lat. 4 Spain, Granada, MACB 92995 JN621911 JN621943 JN621975
C. symphycarpa s. lat. 1 Spain, Madrid, MACB 92737 JN621921 JN621954 JN621986
C. symphycarpa s. lat. 2 Austria, Steiermark, UPS L135579 JN621927 JN621960 JN621991
C. symphycarpa s. lat. 3 Ukranie, Donts’k Oblast, H JN621930 JN621963 JN621994
C. symphycarpa s. lat. 4. Russia, Tuva Republic, H JN621929 JN621962 JN621993
Outgroup C. subcariosa USA, New Jersey, H JN621936 JN621968 JN621999
C. subcariosa USA, North Carolina, H JN621935 JN621969 JN622000
C. latiloba Brazil, Santa Catalina, H JN621937 JN621967 JN621998
124 THE LICHENOLOGIST Vol. 44
104
employed to estimate the differentiation among the
clades following O’Brien et al. (2009) and Leavitt et al.
(2011).
Morphology and chemistry
Microscopic measurements of the squamule thick-
ness were carried out using hand-cut transverse sections.
Three squamules of the primary thallus were measured
for each specimen included in the molecular analyses
(except when the material was scarce, in which case only
one or two squamules were measured). The podetial
squamules of C. acuminata were not studied. In ad-
dition, transverse sections of the squamules, cut with a
Micron-ACP freezing microtome and stained with lac-
tophenol blue solution, were made to study the cortex
structure. The surfaces of the squamules were observed
by Scanning Electron Microscopy (SEM) using a Hi-
tachi S-3000N, and the specimens were prepared ac-
cording to Hale (1973), vacuum-coated with gold-
paladium and without critical-point drying. The
statistical analyses of length, breadth, incision and thick-
ness of the squamules, thickness of the cortex, the algal
layer and the medulla were carried out with the STAT-
GRAPHICS 5.1 software program. The Kolmogorov-
Smirnov test was used to check normality, and Levene’s
test for equality of variances. All variables were normal
and had homogeneous variances, hence we used one-
way ANOVA to analyze the association of characters
among the clades found in phylogenetic analyses, ac-
cording to Wirth et al. (2008), Murillo et al. (2009) and
Rivas-Plata et al. (2011). The probability level for sig-
nificance was set at P < 0·05. A Tukey HSD post-hoc
test was performed to identify which differences among
clades were significant.
The chemical composition was studied by TLC in
132 specimens following White & James (1985), using
solvent systems A and B. Specimens studied by other
researchers using TLC were not rechecked (unless they
were used for the molecular study). Some old material
not suitable for molecular studies was also not checked.
Results
Phylogenetic analyses
A total number of 97 new sequences was
generated (Table 1) for this study (32 ITS
rDNA, 32 rpb2 and 33 ef1 sequences). The
combined data matrix contained 2154 char-
acters (628 in the ITS rDNA, 628 in the ef1
and 898 in the rpb2 dataset), 1817 of which
were constant, and 225 parsimony-
informative (76 in the ITS rDNA, 54 in the
ef1 and 95 in rpb2 dataset). MP analysis
generated 24 equally parsimonious trees, 490
steps long, with CI = 0·747 and RI = 0·893.
ML analysis yielded a tree with a likeli-
hood value of LnL = −6393·86, while the
mean likelihood of the Bayesian tree
sampling was LnL = −6108·97.
The phylogenetic reconstructions of the
combined dataset using MP, ML and Bayes-
ian analyses yielded trees with similar topolo-
gies. Figure 1 shows the tree of the Bayesian
analysis. The specimens of the C. cariosa
group form a strongly supported monophyl-
etic group in all analyses. Clade A gathers
only C. cariosa s.str. specimens, and clade B
includes only C. symphycarpa specimens.
Cladonia acuminata specimens (clade C)
form a monophyletic group. A fourth clade
(clade D) includes specimens that were
identified as C. cariosa or C. symphycarpa on
the basis of morphology and chemistry. The
pairwise FST values showed genetic differen-
tiation among the clades. The values varied
from 0·59 to 0·79 (Table 2).
Morphological and chemical results
A re-examination of morphological char-
acters revealed differences among the clades
found in the phylogenetic analysis of the
DNA sequence data. Clade A includes speci-
mens with squamules significantly shorter
than those in clades B and D and thinner
than in clade B (Tables 3, 4). These squam-
ules can be entire or have incisions that reach
up to 30% of the entire squamule length.
When observed using SEM, the surface of
the squamules is smooth in some specimens,
while in others it shows fissures and small
cells that commonly do not exceed 10 m in
diameter (Fig. 2A). In transverse sections the
cortex is smooth, and two layers can be
distinguished within the upper cortex
(Fig 2B). The outer cortex does not stain in
lactophenol cotton-blue, indicating that this
layer consists of dead mycobiont hyphal cells
(i.e. an epinecral layer). Specimens in clade B
usually have cracked squamules, which are
significantly longer and thicker than those of
clade A (Table 4). Their surface appears
nearly smooth in SEM images, but with
wide, shallow fissures (Fig. 2C). The cortex
in clade B is thick and homogeneous and
lacks an epinecral layer (Fig. 2D). Clade C
includes specimens with squamules similar
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in size to those of clade B. The surface of the
squamules is rough, with shallow cracks,
showing an areolate-verrucose surface (Fig.
2E), and the cortex is homogeneous, without
an epinecral layer (Fig. 2F). Squamules in
clade D are similar in size to those in clades B
and C. The squamule surfaces are strongly
fissured, usually showing small cells about 5
m in diameter, similar to those in clade A
(Fig. 2G). Transverse sections of the cortex
show a similar anatomy to those in clades B
and C, lacking a well differentiated epinecral
layer (Fig. 2H).
A
B
C
D
C. acuminata 3, Chile (ATR, PSO)
C. symphycarpa 8, Norway (ATR, FUM)
C. symphycarpa 7, Bosnia and Herzegovina (ATR, NST)
C. acuminata 5, Canada (ATR, PSO)
C. acuminata
C. symphycarpa s. str
C. cariosa s. str
C. symphycarpa 4, USA (ATR, PSO)
C. acuminata 4, Spain (ATR, NST)
C. symphycarpa 5, Germany (ATR, NST)
C. symphycarpa 3, Sweden (ATR, NST)
C. symphycarpa 6, Germany (ATR, NST)
C. symphycarpa 1, Spain (ATR, PSO)
C. symphycarpa 2, Spain (ATR, NST)
C. cariosa 4, Norway (ATR, FUM)
C. cariosa 9, Spain (ATR)
C. cariosa 8, Canada (ATR, FUM, RANG)
C. cariosa 1, Spain (ATR, RANG)
C. subcariosa 1, USA (FUM)
C. cariosa 7, Russia (ATR, FUM, RANG)
C. subcariosa 2, USA (ATR, NST)
C. cariosa 2, Spain (ATR, RANG)
0.01
C. cariosa 6, Finland (ATR, FUM, RANG)
C. cariosa s.lat. 3, Spain (ATR, ZEO)
C. symphycarpa s.lat. 2, Austria (ATR, NST)
C. symphycarpa s.lat. 1, Spain (ATR, PSO)
C. acuminata 1, USA (ATR, NST)
C. symphycarpa s.lat. 3, Ukraine (ATR, NST)
C. cariosa s.lat. 4, Spain (ATR, PSO)
C. cariosa s.lat. 2, Portugal (ATR, FUM)
C. acuminata 2, Canada (ATR)
C. cariosa s.lat. 1, Spain (ATR, NST)
C. cariosa 5, Finland (ATR, RANG)
C. cariosa 3, USA (ATR, FUM)
C. symphycarpa s.lat. 4, Russia (ATR, FUM)
C. latiloba??Brazil (ATR, NST)
F. 1. Phylogeny of the Cladonia cariosa group based on a combined dataset (ITS rDNA, rpb2 and ef1). This is a
50% majority rule consensus tree of a Bayesian analysis. Branches supported with posterior probabilityR 0·95 and
bootstrap > 70 % are indicated in bold. ATR = atranorin, FUM = fumarprotocetraric acid, NST = norstictic acid,
PSO = psoromic acid, RANG = rangiformic acid.
T 2. Pairwise FST values for combined dataset among
clades
FST
Clade A-B 0·79823
Clade A-C 0·79425
Clade A-D 0·78799
Clade B-C 0·78610
Clade B-D 0·79260
Clade C-D 0·59728
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Table 5 summarizes the chemical results.
The most frequent chemotype in C. cariosa is
the one which contains atranorin alone, pre-
sent in 18 specimens. In C. symphycarpa the
most common is the chemotype with atra-
norin and norstictic acid. This chemotype is
also the most frequent in C. acuminata. The
chemotype of C. cariosa containing atranorin
and homosekikaic acid, and the chemotypes
of C. symphycarpa containing stictic acid and
bourgeanic acid were not found among the
specimens examined. The distribution of the
different chemotypes in the clades, resulting
from phylogenetic analyses, is shown in
Figure 1 (which also shows the secondary
metabolites found in the outgroup). Each
clade included samples of several chemo-
types.
Discussion
The diversity in this group falls into four
strongly supported monophyletic lineages.
The results of the Fst value estimations show
low gene flow among these clades and sup-
port the separation of the distinct clades in
the group. The use of Fst values to assess the
gene flow and genetic differentiation, and to
test species boundaries, follows Porter
(1990). This author’s method, known as
Hybrid Zone Barrier, is especially useful in
the recognition of species that have recently
diverged (Shaffer & Thomson 2007). Subse-
quently, the Fst value has been applied to
species delimitation in different organisms
(Milankov et al. 2008; Korczynska et al.
2010; Mendonça et al. 2011), including
lichenized fungi (O’Brien et al. 2009; Leavitt
et al. 2011).
Following a genealogical concordance
phylogenetic species recognition concept
(Taylor et al. 2000), four species should be
distinguished in the C. cariosa group instead
of the three currently accepted. These four
lineages are also supported by subtle mor-
phological differences, such as squamule
T 3. Variation (mean ± standard deviation) of morphological and anatomical characters of squamules in comparison
with phylogenetic pattern
Clade A
n = 20
Clade B
n = 24
Clade C
n = 12
Clade D
n = 20
P
Length (mm) 2·51 ± 1·136 5·97 ± 2·397 5·04 ± 2·685 5·81 ± 1·419 0·002*
Width (mm) 1·19 ± 0·235 1·91 ± 0·653 2·22 ± 0·824 1·99 ± 0·727 0·03 *
Incision/length (mm) 0·12 ± 0·147 0·36 ± 0·201 0·23 ± 0·189 0·32 ± 0·259 0·06
Thickness (m) 236·56 ± 65·771 340·09 ± 75·180 318·59 ± 64·452 275·84 ± 28·748 0·008*
Cortex (m) 45·31 ± 10·134 62·93 ± 9·999 62·37 ± 9·265 60·10 ± 9·811 0·002*
Algal layer (m) 29·71 ± 4·044 35·43 ± 6·348 37·22 ± 8·656 34·33 ± 4·210 0·091
Medulla (m) 161·55 ± 58·114 241·73 ± 72·639 219 ± 57·968 182·63 ± 21·878 0·031*
* significant P values (< 0·05).
T 4. Tukey’s multiple comparison test for significant results of the ANOVA analyses
Length Width Thickness Cortex Medulla
Clade A-B P < 0·05 ns P < 0.05 P < 0·05 P < 0·05
Clade A-C ns P < 0·05 ns P < 0·05 ns
Clade A-D P < 0·05 ns ns P < 0·05 ns
Clade B-C ns ns ns ns ns
Clade B-D ns ns ns ns ns
Clade C-D ns ns ns ns ns
ns = not significant.
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size, thickness and surface of the squamules,
and the cortex structure. These characters
had previously been proposed by some
authors to delimit the species within this
group. The length, breadth and thickness
of the primary squamules were used by
Thomson (1983) and Ahti (2000) to dis-
tinguish C. cariosa from C. symphycarpa, and
by Merrill (1909) to distinguish C. subcariosa
fromC. symphycarpa. Ahti (2000) and Ahti &
Hammer (2002) noticed that squamule sur-
faces of C. symphycarpa were papillose-
maculate when squamules reached maturity.
Based on these preliminary observations, we
were encouraged to study the squamule sur-
faces in more detail. The SEM observations
show the existence of some micro-
morphological differences in the cortical sur-
face of the different phylogenetic lineages
that were previously unnoticed. The taxo-
nomic value of the cortex surface was noted
in Alectoria and Cornicularia (Hawksworth
1969) and in other Parmeliaceae (Hale 1973).
In contrast to subtle morphological charac-
ters, our study clearly demonstrates that
presence or absence of secondary metabo-
lites is of limited taxonomic value in the
C. cariosa group, as previously suggested
(Bültmann & Lünterbusch 2008; Burgaz &
Ahti 2009). A number of lineages include
different chemotypes, and these chemotypes
are largely shared among lineages. This is
consistent with studies in some other groups
of lichenized fungi, such as Bryoria in which
the sections did not correlate with chemical
characters (Myllys et al. 2011) or Xanthopar-
melia, in which lineages consisted of different
chemotypes (Leavitt et al. 2011).
Below, we attempt to clarify the identity of
the clades found in our phylogenetic analy-
ses, referring them to the current species and
examining the appropriate type materials.
Clade A contains specimens characterized by
a small primary thallus (Table 2) and
branched podetia, with many lengthwise fis-
sures along them (Fig. 3A). As mentioned
above, the chemistry of this clade is variable:
atranorin only; atranorin and fumarprotoce-
traric acid; atranorin, fumarprotocetraric
and rangiformic acids; and atranorin and
rangiformic acid, but psoromic acid or
norstictic acid are never present. The mor-
phological characters of these specimens are
similar to those of the Cladonia cariosa lecto-
type and we consider that this clade repre-
sents Cladonia cariosa s.str. Additional
characters for this taxa have been found, such
as the presence of a thick epinecral layer
above the cortex in the primary thallus and a
smooth or fissured surface (Fig. 2B).
The specimens within clade B have large
squamules, often prostrate and cracked. The
podetia (present only in two of the studied
samples) are corticate, with areolate zones,
and slightly fissured (Fig. 3D). The chemical
variability of this clade includes: atranorin
only; atranorin together with norstictic acid;
atranorin and fumarprotocetraric acid; atra-
norin and psoromic acid. The morphology of
these specimens is similar to the neotype of
C. symphycarpa, and the four chemotypes
described for C. symphycarpa (Huovinen
et al. 1989) are present in this clade. We
consider clade B as being C. symphycarpa
s.str. Additional taxonomically useful ana-
tomic characters have been found. The squa-
mule surface is smooth in young parts, while
in older zones (middle and inferior zone of
the squamules) some wide, shallow fissures
can be observed using SEM (Fig. 2C). The
specimens containing psoromic acid do not
form
a monophyletic clade, which is consistent
with a taxonomic concept that includes
C. dahliana as a chemotype within C. sym-
phycarpa.
Clade C included all specimens identified
based on morphology as C. acuminata, sup-
porting that this species is monophyletic.
The specimens have large squamules and
sorediate, mostly unbranched podetia, that
can be rarely dichotomously branched near
F. 2.Cladonia cariosa group, anatomy of the primary thallus in the different clades. A, C, E &G, SEMmicrographs
of squamule surfaces; B, D, F & H, transverse sections of squamules; A & B, clade A (e = epinecral layer); C & D,
clade B; E & F, clade C; G & H, clade D. Scales: A, C, E & G = 100 m; B, D, F & H = 50 m. In colour online.
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the tips (Fig. 3C), as already described for
this species (Ahti 2000; Ahti & Hammer
2002). The three chemotypes found for this
taxon are present in our sampling. The three
C. acuminata chemotypes form a single
monophyletic group. This clade includes
specimens originating from North America
with the three chemotypes, along with a
European sample which contains atranorin
and norstictic acid. Consequently, we inter-
pret C. acuminans as a synonym of C. acumi-
nata. Additionally, C. acuminata differs from
the other species in the areolate-verrucose
cortical surface (Fig. 2E). A specimen from
Spain that only had a primary thallus is
included in this clade. The squamules of
this sample are morphologically and ana-
tomically similar to those of the other
samples in the clade. This specimen extends
the range in Europe of C. acuminata, the
southern limit of which in Europe was in
Tyrol (Nimis 1993).
Clade D includes specimens with a pri-
mary thallus consisting of large squamules,
similar in size to those of C. symphycarpa, but
with podetia (Fig. 3B) similar to those of C.
cariosa (with many fissures). Chemically this
clade is also variable. It includes the follow-
ing chemotypes: atranorin and norstictic
acid; atranorin and psoromic acid; atranorin
and fumarprotocetraric acid; and atranorin
and zeorin. The specimens in this clade are
an intermediate morphotype between C.
cariosa and C. symphycarpa. This putative
species has squamule surfaces that are
strongly fissured (Fig. 2G) and lacking an
epinecral layer. Furthermore, while the other
species occur on calcareous substrata, these
samples are found on acid substrata at an
altitude above 1000 m. No taxonomic con-
clusion is made here concerning this clade
because Vainio (1887) described several
taxa in the group and the type materials of
these names need to be examined before
taxonomic conclusions can be drawn.
One specimen (Cladonia symphycarpa
sp.lat. 4) could not be assigned to any of the
four major clades (Fig. 1) and may represent
another species in the group. Additional
studies including more samples of this group
are needed to evaluate the taxonomic status
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F. 3. Morphology of Cladonia species studied. A, Cladonia cariosa (lectotype); B, C. cariosa s. lat. (MACB 93018);
C, C. acuminata (T. Ahti 63278); D, C. symphycarpa (MACB 101124). Scales = 5 mm. In colour online.
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of this specimen. In these future studies
we will try to include more specimens and
the chemotype of C. cariosa, contain-
ing atranorin and homosekikaic acid that
was described from North America and
Greenland (Harris 1975; Bültmann &
Lünterbusch 2008).
This study suggests that the C. cariosa
group contains a greater number of species
than was traditionally recognized, and that
there are subtle morphological differences
among them.
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Appendix. The phylogenetic relationships of Cladonia subcariosa and C. latiloba
with the C. cariosa group.
A matrix of ITS rDNA with 102 sequences
from species included in the supergroup Cla-
donia (Stenroos et al. 2002) was constructed
to infer phylogenetic relationships of C. sub-
cariosa and C. latiloba with the C. cariosa
group. Maximum Parsimony and Bayesian
analyses were performed. The Bayesian
analysis was carried out using theGTG+I+G
model (this model was selected inMrModel-
test as the best-fitting evolutionary model
using the AIC criterion). The posterior prob-
abilities of each branch were calculated by
counting the frequencies of trees that were
visited during the course of the MCMC
analysis. Model parameters were estimated
in each analysis for 10 000 000 generations
sampled in 4 simultaneous chains, and every
1000th was saved into a file. The initial 1000
trees were discarded as burn-in. Using the
“sumt” command of MrBayes, the 50%
majority-rule consensus tree was calculated
from 18 000 trees sampled after reaching
likelihood convergence to calculate the pos-
terior probabilities of the tree nodes.
The matrix contained 587 characters, 186
of them parsimony informative. MP analyses
generated 1000 equally parsimonious trees,
795 step long, CI = 0·4579, RI = 0·7810 and
RC = 0·3576. The Bayesian analysis yielded
a tree with a likelihood value of Ln =
−5435·17. Cladonia subcariosa and C. latiloba
are not closely related to the C. cariosa group
(Fig. A1). Cladonia subcariosa appears to be
closely related to C. caespiticia with high sup-
port, while the relationship of C. latiloba is
not resolved.
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Abstract Species delimitation in theCladonia gracilis group
has long been known to be difficult due to morphological
variability of taxa. The present study addresses the circum-
scription of species within this group, examining a number
of specimens of the currently accepted taxa Cladonia
coniocraea, C. cornuta subsp. cornuta, C. cornuta subsp.
groenlandica, C. ecmocyna subsp. ecmocyna, C. ecmocyna
subsp. intermedia, C. gracilis subsp. gracilis, C. gracilis
subsp. elongata, C. gracilis subsp. tenerrima, C. gracilis
subsp. turbinata, C. gracilis subsp. vulnerata, C. macro-
ceras, C. maxima, and C. ochrochlora using genealogical
concordance phylogenetic species recognition. We employed
maximum parsimony, maximum likelihood and Bayesian
methods of phylogenetic reconstructions based on DNA
sequences of ITS rDNA, IGS rDNA, RPB2 and partially
EF1-α regions. Our results indicate that the C. gracilis group
is monophyletic but that most currently accepted taxa do not
form monophyletic groups, with the exception of C.
ecmocyna and C. cornuta subsp. cornuta. Different tests
suggest that incomplete lineage sorting and sporadic recom-
bination events are responsible for a phylogeny that largely
lacks support. Our data also strongly suggest that C.
coniocraea, C. cornuta subsp. groenlandica, and C. ochro-
chlora are conspecific, with C. coniocraea being the oldest
available name. The morphological characters in the group
are shown to be highly homoplasious, causing, in tandem
with phenotypical plasticity of the taxa, the difficulties in
delimiting species in the C. gracilis group.
Keywords Genealogical concordance phylogenetic species
recognition . Lichens .Morphology . Taxonomy. Variability
Introduction
Understanding morphological variation in the different
groups of organisms is a key to identify diagnostic
characters allowing for taxon delimitation. Nevertheless,
this task is hindered by phenotypical plasticity, i.e., the
ability of a genotype to express different phenotypes as
a response to environmental conditions. This fact is
widely known for many groups of organisms (Sultan
1987; Lortie and Aarssen 1996; Trussell 1996; Schichting
2002; Whitman and Ananthakrishnan 2008; Hollander and
Butlin 2010), including lichenized fungi (Nash et al. 1990;
Pintado et al. 1997; Rikkinen 1997). In order to assess the
phenotypical plasticity effect, it is required to study the
phenotypical response of a given genotype in an environ-
mental gradient. These kinds of experiments have been
carried out in plants (Briggs 1964; Davis 1983; Pigliucci
et al. 1999; Kaplan 2002a; Canfield et al. 2008), which
are usually easy to grow. Growing lichenized fungi,
however, is not an easy task, which has seriously limited
this kind of studies in lichens. Currently, analyses based
on DNA sequences permit to assess whether morpholog-
ical variation is related to genetic differences or not, the
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same way they have permitted to evaluate the significance
of the reproductive type in numerous so-called species
pairs (Lohtander et al. 1998a, b; Myllys et al. 1999, 2001;
Articus et al. 2002; Buschbom and Mueller 2006).
Species within the genus Cladonia are known to be
morphologically variable, which explains taxonomic prob-
lems remaining in some species groups of Cladonia (Ahti
and Hammer 2002), in spite of being one of the most
studied macrolichen genera. The high morphological
variability of Cladonia species is probably an effect of the
phenotypical plasticity induced by factors such as exposure
to light, temperature or humidity (Ahti 2000). The Cladonia
gracilis group, treated as “subgroup Graciles” by Stenroos
et al. (2002) is a monophyletic group (Fontaine et al. 2010)
formed by C. gracilis (L.) Willd., C. ecmocyna Leight., C.
cornuta (L.) Hoffm., C. squamosissima (Müll. Arg.) Ahti,
C. coniocraea (Flörke) Spreng., C. ochrochlora Flörke, C.
maxima (Asahina) Ahti and C. macroceras (Delise) Hav.
The characters used to distinguish the species in the group
include: 1) presence of partially sorediate or entirely
corticate podetia, 2) width of the podetial wall, 3) presence
of squamules on the podetium, 4) presence of scyphi and
their diameter, and 5) color of the podetial base. In this
group, the secondary metabolites are relatively uniform,
with most species containing only fumarprotocetraric acid.
Some taxa regularly contain atranorin, while in some others
atranorin appears only in certain specimens. In the
C. gracilis group, species delimitations are especially
difficult since taxa are morphologically similar, because
most of the morphological characters show a considerable
variation (Ahti 1980a). These difficulties have led to the
necessity of using a combination of character states (Ahti
1980a) in order to distinguish the taxa. Distribution
differences and ecological requirements are sometimes a
great help to differentiate between taxa, but wherever
several taxa coexist some can be difficult to distinguish.
An example to illustrate this is the distinction of Cladonia
coniocraea and C. ochrochlora, two morphologically
similar species, that have ecological and distributional
differences. Cladonia ochrochlora grows in N and S
hemispheres with oceanic tendency while C. coniocraea
appears only in North America and Eurasia (Ahti 2000;
Ahti and Hammer 2002). As such, the species rank of
these taxa has been questioned (Poelt and Vězda 1981;
Nimis 1993; Wirth 1995).
Fontaine et al. (2010) demonstrated, using ITS rDNA
and PKS sequence data, that the group is monophyletic
while the currently accepted morphospecies are not, with
the exception of C. maxima. Further, the clades that were
found in this analysis only got weak support values.
Hence, to further understand the species delimitation in
the C. gracilis group we gathered DNA sequence data
using three loci (ITS rDNA, IGS rDNA, RPB2). Addi-
tionally, we focused on the delimitation of C. coniocraea
and C. ochrochlora, for which we used four genetic
markers (EF1-α added) to assess the taxonomical status of
these taxa. We applied genealogical concordance phylo-
genetic species recognition (Taylor et al. 2000) in this
study.
Material and methods
Taxon sampling
From a total of 770 studied collections from different
herbaria (B, BRA, FH, H, L, MACB, S, UPS), 115 were
selected for the molecular study. It was intended that all the
taxa in the group of C. gracilis were represented. We
sampled specimens of C. coniocraea, C. cornuta subsp.
cornuta, C. cornuta subsp. groenlandica, C. ecmocyna
subsp. ecmocyna, C. ecmocyna subsp. intermedia, C.
gracilis subsp. gracilis, C. gracilis subsp. elongata, C.
gracilis subsp. tenerrima, C. gracilis subsp. turbinata, C.
gracilis subsp. vulnerata, C. macroceras, C. maxima, and
C. ochrochlora. However, there are taxa, which apparently
belong to this complex, such as Cladonia alinii Trass, C.
cinerella Ahti, C. ecmocyna subsp. occidentalis Ahti, C.
fenestralis Nuno, C. gracilis subsp. valdiviensis Ahti, and
several Australasian species similar to C. ochrochlora,
which were not analyzed. As outgroup we included the
closely related species C. rangiformis and C. thomsonii
following Stenroos et al. (2002) and based on our own
unpublished data.
DNA extraction and PCR
Total DNA was extracted using DNeasy Plant Mini Kit
(QIAGEN, Germany) following the manufacturer’s instruc-
tions. The DNA was dissolved in 200 μl of buffer included
in the kit. Three loci were amplified for all the samples: ITS
rDNA, IGS rDNA and RPB2. A fourth region, EF1-α, was
amplified in a subset including C. coniocraea and C.
ochrochlora samples. The amplifications were carried out
using the primers ITS1F (Gardes and Bruns 1993) and ITS4
(White et al. 1990), or alternatively SSU-1780-5’F/LSU-
0012 (Piercey-Normore and DePriest 2001) for the ITS
region; primers IGSf/IGSr (Wirtz et al. 2008) for the IGS
rDNA region; RPB2-5F/RPB2-7cR (Liu et al. 1999) and
RPB2dRaq/RPB2rRaq (Pino-Bodas et al. 2010) for the
RPB2 region; and primers CLEF-3F/CLEF-3R (Yahr et al.
2006) for the EF1-α region. PCRs were carried out with
Ready-to-Go-PCR Beads (GE Healthcare Life Sciences,
UK). Amplifications were prepared for a 25 μl final
volume. The thermal cycling parameters used for amplifi-
cations of ITS rDNA, RPB2 and EF1-α were those of
344 R. Pino-Bodas et al.
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Pino-Bodas et al. (2010) and the program used for IGS
rDNA region was the same used to amplify RPB2 in Pino-
Bodas et al. (2010). The PCR products were purified using
the QIAquick Gel extraction Kit (QIAGEN) or ExoSAP-
IT (USB Corporation, OH, USA).
The sequencing reactions were done at the Secugen S. L.
(Centro de Investigaciones Biológicas [CIB], Madrid,
Spain) or Macrogen (Korea) sequencing service (www.
macrogen.com) with the same primers used for the PCR.
The SequencherTM program (Gene Codes Corporation,
Inc, Ann Arbor, Michigan, USA) was used to assemble the
consensus sequences from the two strands of each
sequencing reaction.
Phylogenetic analyses
The alignments were producedmanually with SE-AL v2.0a11
(Rambaut 2002) for each locus separately. Phylogenetic
analyses were done using different matrices: 1) on each
matrix corresponding separately to each locus, 2) on a
concatenated matrix including three loci that contained all
samples, and 3) a concatenated matrix including four loci
that contained a subset of the samples (C. coniocraea and C.
ochrochlora only). All matrices were analyzed by maximum
parsimony (MP) analyses. MP analyses were performed
using PAUP* version 4.0.b.10 (Swofford 2003), using the
heuristic search with 1000 random taxon-addition replicates
with TBR branch swapping and MulTrees option in effect,
equally weighted characters and gaps treated as missing data.
For the confidence analysis, the bootstrap (Felsentein 1985)
was applied, with 1,000 replicates, using the heuristic option
with the same settings as the MP search. Congruence among
loci was tested following Lutzoni et al. (2004): each clade
with more than 75% bootstrap support was scanned for
conflict among loci and individual sequences causing
conflict were excluded from the data matrix (Appendix 2).
We considered the existence of a conflict whenever a clade
was supported with a bootstrap (more than 75%) in a locus,
but it was not supported in other locus and the individual
sequences of this clade are part of another clade with
bootstrap support ≥ 75 %.
MrModeltest (Nylander 2004) was used to select the most
appropriate nucleotide substitution model for each locus,
using the AIC criterion. In addition to MP, the combined
dataset and the subsets were also analyzed, using maximum
likelihood (ML) and Bayesian analysis. ML analyses were
implemented with RaxML 7.04 (Stamatakis 2006), the
combined dataset was divided in five partitions (ITS rnDNA,
IGS rnDNA and each of three codon positions of RPB2),
assuming the GTRGAMMA model for all partitions. The
dataset of the subset with four loci was divided into eight
partitions, five as described above and each of three codon
positions of EF1-α. The Bayesian analysis was carried out
using MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001). The
combined dataset was divided in five partitions: ITS rnDNA
(optimal model, K80 + I), IGS rnDNA (HKY + G) and each
of three codon positions of RPB2 (each K80 + I). The dataset
of the subset with four loci was divided into eight partitions,
five as described above and each of three codon positions of
EF1-α (each SYM + I). The posterior probabilities were
approximated by sampling trees using Markov Chain Monte
Carlo (MCMC). Two simultaneous runs with 20,000,000
generations, each starting with a random tree and employing
4 simultaneous chains were executed. Every 1,000th tree was
saved into a file. Tracer v. 1.0 (http://evolve.zoo.ox.ac.uk/
software.html?id=tracer) and AWTY (Nylander et al. 2008)
were used to determine when the chains reached the
stationary stage and the number of generations that should
be discarded as burn-in. The 50% majority-rule consensus
tree was calculated using the “sumt” command of MrBayes,
deleting the first 1,000,000 generations (i. e. the first 1,000
trees). The matrices and trees have been deposited in
TreeBASE (http://purl.org/phylo/treebase/phylows/study/
TB2:S11906).
The ILD test (Farris et al. 1994) as implemented in
PAUP* was used to estimate the discordance among loci.
The analyses were performed with 1,000 replications and a
value of p<0.001 was considered significant, following
Cunningham (1997). Then, the ILD test was conducted in
several reduced matrices in order to evaluate the influence
of the different data subsets. The outgroup taxa were
excluded in all cases.
Hypothesis testing
The following phylogenetic hypotheses of monophyly were
tested: 1) C. ochrochlora, 2) C. coniocraea, 3) C. cornuta
subsp. cornuta plus C. cornuta subsp. groenlandica, 4) the
sorediate taxa (C. coniocraea, C. ochrochlora and C.
cornuta), 5) C. gracilis subsp. gracilis, 6) C. gracilis subsp.
turbinata. 7) C. gracilis subsp. elongata is monophyletic.
Alternative hypothesis tests included the Shimodaira-
Hasegawa test (SH) (Shimodaira and Hasegawa 1999) and
expected likelihood weight (ELW) (Strimmer and Rambaut
2002) that were performed using TREE-PUZZLE 5.2
(Schmidt et al. 2002).
Detecting possible recombination
Two methods were used to assess the interlocus recombi-
nation rate: the Index of Association (IA) (Brown et al.
1980; Maynard Smith et al. 1993) and the Parsimony Tree
Length Permutation Test (PTLPT) (Burt et al. 1996). The IA
was calculated in MULTILOCUS 1.3b (Agapow and Burt
2001), using standardization for the covariances (rd). This
modification removes the dependency of the number of loci
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analyzed (Zhang et al. 2010). The positions in the same
region were considered as a single locus. A significance test
was performed with 1,000 randomizations of the data to
determine whether the association index was significantly
different from zero. For the calculation of PTLPT, 1,000
artificially recombined replicas were generated using
MULTILOCUS and PAUP* was used to calculate the tree
lengths for these 1,000 replicas.
Additionally, several tests for assessing intralocus re-
combination were carried out. In RDP3 program (Martin et
al. 2005), the followings tests were performed: Boot-
scanning (Salminen et al. 1995); Chimaera (Posada and
Crandall 2001); GENECONV (Padidam et al. 1999);
MaxChi (Maynard Smith 1992); RDP (Martin et al.
2005); SiScan (Gibbs et al. 2000); and 3SEQ (Boni et al.
2007). In SPLITSTREE4 (Huson and Bryant 2006), the
PHI test (Bruen et al. 2006) was implemented.
Homoplasy of phenotypical characters
An evaluation of the taxonomic utility of phenotypical
characters was done following Lumbsch (2004). The
homoplasy for each character was assessed by the consis-
tency index (CI) and retention index (RI), using Mesquite
2.74 (Maddison and Maddison 2007), calculated over the
strict consensus tree of the maximum parsimony search
based on the combined dataset. The matrix with the
morphological and chemical characters and their respective
states for every sample is shown in Appendix 1.
Morphological study of C. coniocraea and C. ochrochlora
The morphological and anatomical data of C. coniocraea
and C. ochrochlora were analyzed by principal component
analysis (PCA) using a correlation matrix in SPSS 17.0.
Table 1 Samples included in phylogenetic analyses with GenBank accession number
Species Locality and collection ITS RPB2 IGS EF1-α
C. coniocraea 1 USA, New Hampshire, M. Schmull (FH 259371) JN811378 JN811336 JN811344 JN811437
C. coniocraea 2 Finland, Etelä-Häme, Päijänne, V. Haikonen (H) JN811379 JN811337 JN811345 —
C. coniocraea 3 Russia, Karelian Republic, P. Uotila (H) JN811380 JN811338 JN811346 JN811438
C. coniocraea 4 Russia, Sakha Republic, T. Ahti & P. A. Timofeev (H) JN811381 JN811339 JN811347 JN811439
C. cornuta subsp. cornuta 1 Finland, Etelä-Häme, Päijänne, V. Haikonen (H) JN811383 JN811426 JN811348 —
C. cornuta subsp. cornuta 2 Finland, Uusimaa, R. Pino-Bodas (MACB 101646) JN811385 JN811428 JN811350 —
C. cornuta subsp. groenlandica 1 USA, Alaska, K. Dillman (H) JN811384 JN811427 JN811349 JN811436
C. ecmocyna 1 Norway, Østlandet, S. Rui & E. Timdal (H) JN811399 JN811423 JN811365 —
C. ecmocyna 2 Spain, Burgos, A. R. Burgaz (MACB 101650) JN811397 JN811424 JN811352 —
C. ecmocyna 3 Spain, Madrid, A. R. Burgaz (MACB 101649) JN811398 JN811425 JN811353 —
C. gracilis subsp. gracilis 1 Spain, Palencia, A. R. Burgaz (MACB 94216) JN811386 JN811412 JN811354 —
C. gracilis subsp. gracilis 2 Spain, Guadalajara, A. R. Burgaz (MACB 95195) JN811387 JN811413 JN811355 —
C. gracilis subsp. gracilis 3 Finland, Uusimaa, V. Haikonen (H) JN811390 JN811419 JN811361 —
C. gracilis subsp. gracilis 4 Finland, Kymenlaakso, V. Haikonen (H) JN811392 JN811420 JN811362 —
C. gracilis subsp. gracilis 5 Finland, Uusimaa, R. Pino-Bodas (MACB 101647) JN811394 JN811422 JN811364 —
C. gracilis subsp. elongata 1 Russia, Murmansk Region, M. A. Fadeeva (H) JN811391 JN811418 JN811360 —
C. gracilis subsp. elongata 2 Sweden, Uppland, G. Thor (UPS L167919) JN811388 JN811414 JN811356 —
C. gracilis subsp. turbinata 1 Russia, Leningrad Region, T. Ahti (H) JN811389 JN811415 JN811357 —
C. gracilis subsp. turbinata 2 Finland, Pirkanmaa, V. Haikonen (H) JN811393 JN811421 JN811363 —
C. gracilis subsp. vulnerata 1 USA, Alaska, K. Dillman (H) JN811395 JN811417 JN811358 —
C. gracilis subsp. vulnerata 2 USA, Alaska, S. S. Talbot & W. B. Schofield (H) JN811396 JN811416 JN811359 —
C. macroceras 1 Andorra, Soldeu, A. R. Burgaz (MACB 94200) JN811382 JN811411 JN811351 —
C. ochrochlora 1 Spain, Lugo, A. R. Burgaz (MACB 95427) JN811374 JN811407 JN811340 JN811440
C. ochrochlora 2 Portugal, Beira Alta, A. R. Burgaz (MACB 94635) JN811375 JN811408 JN811341 JN811441
C. ochrochlora 3 Finland, Uusimaa, R. Pino-Bodas (MACB 101648) JN811376 JN811409 JN811342 JN811442
C. ochrochlora 4 Unknown, L. R. Sharma JN811377 JN811410 JN811343 JN811443
C. rangiformis 1 Spain, Menorca, A. R. Burgaz (MACB 96193) JF288803 JF288838 JN811366 JN811444
C. rangiformis 2 Netherlands, Zuid-Holland, H. Van der Goes et al. (H) JN811400 JN811429 JN811367 —
C. rangiformis 3 Sweden, Öland, R. Skytén (H) JN811401 JN811430 JN811368 —
C. thomsonii 1 Russia, Krasnoyarsk, M. Zhurbenko (H) JN811402 JN811431 JN811369 —
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(SPSS Inc., Chicago, IL, USA). In the analysis, the key
characters for the discrimination of C. coniocraea and C.
ochrochlora (Hammer 1991; Ahti 2000; Ahti and Hammer
2002) were included, whenever they, or their logarithmic
transformation, were normally distributed as indicated by a
Kolmogorov-Smirnov test: squamule length, squamule
thickness, squamule incisions, podetial length, podetial
thickness, podetial basal cortex thickness and length.
Soredium size, squamule width and podetial diameter did
not fulfill the normality criterion and were excluded from
the analysis.
Results
Phylogenetic reconstructions
The DNA of a total of 115 specimens was isolated, but
not all the specimens were successfully amplified for
one or more loci. Old material and gamma irradiated
material for preservation proved difficult to amplify.
Sixty two sequences for ITS rDNA, 77 for IGS and 43
for RPB2 were obtained. Only in 30 samples were the
amplifications of all three regions achieved; 4 of them
were incongruent (appendix 2) according to the method of
Lutzoni et al. (2004) and were excluded from the
combined analyses (Table 1). In the MP analyses of each
separate region, the relationships in the ingroup were
mostly unresolved. In the consensus tree for the ITS
rDNA region (not shown), three clades appeared. One of
them contained C. ecmocyna samples; another with C.
cornuta subsp. cornuta samples; and a third one contain-
ing the samples of C. gracilis subsp. vulnerata. But only
the C. cornuta subsp. cornuta clade was strongly
supported (=95% bootstrap support [BP]). In the
resulting tree for IGS rDNA analysis, the same clades
obtained for ITS rDNA analysis were found, and the
clades of C. ecmocyna and C. gracilis subsp. vulnerata
received 76 and 87% BP support respectively, while C.
cornuta subsp. cornuta received only low support (63%
BP). In the RPB2 analysis, only one, strongly supported
(100% BP) clade containing C. coniocraea, C. ochro-
C. gracilis subsp. gracilis 3
C. gracilis subsp. gracilis 1
C. gracilis subsp. gracilis 5
C. gracilis subsp. gracilis 4
C. gracilis subsp. elongata 2
C. gracilis subsp. turbinata 1
C. gracilis subsp. turbinata 2
C. gracilis subsp. vulnerata 2
C. gracilis subsp. vulnerata 1
C. gracilis subsp. gracilis 2
C. gracilis subsp. elongata 1
C. ochrochlora 2
C. ochrochlora 4
C. ochrochlora 3
C. ochrochlora 1
C. coniocraea 4
C. coniocraea 1
C. coniocraea 2
C. coniocraea 3
C. cornuta subsp. groenlandica 1
C. cornuta subsp. cornuta 1
C. cornuta subsp. cornuta 2
C. ecmocyna 1
C. ecmocyna 2
C. ecmocyna 3
C. macroceras 1
C. thomsonii 1
C. rangiformis 1
C. rangiformis 3
C. rangiformis 2
0.01
-/-/1.00
85
/81/1.00
92/90/1.00
99/100/0.99
72/-/-
100/100/1.00
84/84/- 98/99
/1.00
83/84/1.00
-/-/0.69
   -/-/
  1.00
-/-/0.95
-/-/1.00
-/-/0.99
84/91/1.00
-/71/0.98
-/-/1.00
90/88/0.98
100/100/1.00
100/100/1.00
-/-/0.99
Fig. 1 Phylogeny of the C. gracilis group. 50% Majority Rule
Bayesian tree based on a combined data set including ITS rDNA, IGS
and RPB2. Branches supported with posterior probability ≥0.95 and
bootstrap >70% are indicated in bold. Bootstrap value >70% for MP/
Bootstrap value >70% for ML/posterior probability >0.95 for
Bayesian analysis at branches
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chlora and C. cornuta subsp. groenlandica specimens
was found.
The combined dataset of 30 sequences (26 ingroup
and 4 outgroup OTUs) included 1823 unambiguously
aligned sites (ITS: 578, IGS: 380, and RPB2: 865) and
included 174 parsimony informative positions. The MP
analysis yielded 9 equally parsimonious trees of 428
steps, CI=0.738, RI=0.829 and RC=0.617. ML analysis
yielded a most likely tree with a likelihood value of LnL=
−5118.76, while the mean likelihood of the Bayesian tree
sampling was LnL=−5201.09. MP, ML and Bayesian
analyses rendered a similar topology, so only the
Bayesian tree is shown here (Fig. 1). The C. gracilis
group, including C. ecmocyna, C. cornuta, C. ochro-
chlora, C. coniocraea, C. macroceras and C. gracilis
sensu lato, is well-supported in all three analyses. Two
clades have strong support in all three analyses: 1) a clade
containing samples of C. coniocraea, C. ochrochlora and
one sample of C. cornuta subsp. groenlandica, all
intermingled; and 2) a clade consisting of two C. cornuta
subsp. cornuta specimens. The C. gracilis subsp. vulner-
ata specimens form a monophyletic group that only
receives support in the Bayesian analysis. Cladonia
ecmocyna specimens form a monophyletic clade basal to
the remaining taxa of the C. gracilis group. This clade is
well supported in MP and ML analyses, but lacks support
in the Bayesian analysis (Fig. 1). Specimens of C. gracilis
subsp. turbinata, C. gracilis subsp. gracilis and C.
gracilis subsp. elongata do not form monophyletic
groups.
The subset focusing on C. coniocraea and C. ochrochlora
contained 2433 unambiguously aligned nucleotide sites (ITS:
578, IGS: 380, RPB2: 865 and EF1-α: 610), 2200 of which
were constant, and 59 were parsimony-informative. MP
analysis yielded one tree, 268 steps long, with a value CI=
0.899 and RI=0.716. ML analysis generated a tree with LnL=
−4717.16, while the mean likelihood of the Bayesian analysis
was LnL=−4882.01. The topology of the phylogenetic trees
of the three analyses were similar, thus only the Bayesian tree
is shown here (Fig. 2). The samples of C. coniocraea and C.
ochrochlora were intermingled and did not form separate
monophyletic groups.
The SH and ELW rejected six alternative hypotheses
tested (Table 2). The monophyly of C. gracilis subsp.
elongata was rejected by ELW but it was not rejected by
SH. The results of ILD test are shown in Table 3. The test
on complete matrix indicates incompatibilities among the
three loci. When the analysis was run only with the C.
ochrochlora/C. coniocraea subset, no evidence of hetero-
geneity among loci was found. In three data subsets, ITS
and IGS were compatible (Table 3), but in the same subsets
ITS-RPB2 and IGS-RPB2 were incompatible. In the
remaining subsets, all genes were incompatible.
0.01
C. coniocraea 3
C. ochrochlora 3
73/89/1.00
C. ochrochlora 1
C. ochrochlora 2
91/93/1.00
-/-/1.00
C. coniocraea 1
C. cornuta subsp. groenlandica 1
98/74/0.99
C. coniocraea 4
C. ochrochlora 4
100/100/1.00
C. rangiformis 1
Fig. 2 Phylogeny of the Cladonia coniocraea and C. ochrochlora
complex. 50% Majority rule Bayesian tree based on ITS rDNA, IGS,
RPB2 and EF1-α. Branches supported with posterior probability ≥0.95
and bootstrap >70% are indicated in bold. Bootstrap value >70% for
MP/ Bootstrap value >70% for ML/posterior probability >0.95 for
Bayesian analysis at branches
Table 2 Results of the alternative hypothesis tests. P-value of the constrasts given. Asterisks denote significant results
Hypothesis SH ELW
C. cornuta subsp. cornuta and C. cornuta subsp. groenlandica form a monophyletic clade 0.0100* 0.0000*
C. ochrochlora is monophyletic 0.0200* 0.0028*
C. coniocraea is monophyletic 0.0170* 0.0005*
C. cornuta subsp. cornuta forms a monophyletic clade with C. ochrochlora and C. coniocraea 0.0001* 0.0001*
C. gracilis subsp. gracilis is monophyletic 0.0010* 0.0000*
C. gracilis subsp. turbinata is monophyletic 0.0010* 0.0000*
C. gracilis subsp. elongata is monophyletic 0.0700 0.0391*
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Recombination
The results of the IA analysis yielded a p-value=0.022,
rejecting the null hypothesis of recombination. The PTLPT
test revealed that the observed tree length was shorter than
in the permutated data, also indicating the absence of
recombination (Fig. 3).
No chimeric sequences were identified in any of the
regions by the tests implemented in RDP3. However, the
PHI test detected evidences of recombination in ITS (P=
0.041) and RPB2 (P=0.047), but not in IGS (P=0.539).
The PHI test was repeated in ITS rDNA and RPB2 matrices
with all the missing data and gaps removed from them, but
the results did not change.
Homoplasy of phenotypical characters
The results of CI and RI value for each character are
summarized in Table 4. Most of the characters were found
to be strongly homoplasious, with low values of CI and RI.
The character corticate podetium has the lowest amount of
homoplasy with a CI=0.5 and RI=0.9.
Morphological study of C. coniocraea and C. ochrochlora
The PCA analysis included 59 specimens of C. coniocraea
and C. ochrochlora. The first three components explain
37.5%, 20.9% and 14.9% of the variance, respectively
(73.5 cumulative variance). The analysis shows a continu-
ous variation and does not distinguish the samples of C.
coniocraea and C. ochrochlora (Fig. 4).
Discussion
Our analyses confirm previous studies (Fontaine et al.
2010) supporting the monophyly of the C. gracilis group.
We included C. gracilis subsp. vulnerata and C. cornuta
subsp. groenlandica in a molecular study for the first time
and confirm that these taxa belong to the C. gracilis
group. The studied loci generally offered poor resolution
when analyzed separately with numerous polytomies or
poorly supported clades. Only the analyses of the
combined matrix partially resolved the phylogeny of the
group. Only a few of the accepted morphospecies turned
out to be monophyletic in our analyses. Fontaine et al.
(2010) also found low resolution using ITS rDNA and
PKS as genetic markers. These authors proposed two
hypotheses to explain this phenomenon: 1) recent gene
flow among members of the C. gracilis group; or 2) recent
speciation of the taxa in the group. The ILD test, which
detects heterogeneity among different gene partitions,
revealed significant differences in most comparisons (in
spite of having eliminated the incongruent samples based
Fig. 3 Results of PTLPT analy-
sis, actual tree length compared
to the tree lengths for 1,000
artificially recombined
Table 3 Results of the ILD
tests from comparisons of dif-
ferent loci in a series of matri-
ces. Asterisks denote significant
results
ITS-IGS ITSRPB2 IGS-RPB2
All samples 0.001* 0.001* 0.001*
Only C. ochrochlora/C. coniocraea clade included 0.810 0.029 0.204
C. ochrochlora/C. coniocraea clade excluded 0.010 0.001* 0.001*
C. ochrochlora/C. coniocraea and C. ecmocyna excluded 0.009 0.001* 0.001*
C. ochrochlora/C. coniocraea, C. ecmocyna, C. cornuta excluded 0.011 0.001* 0.001*
Only C. gracilis s.l. included 0.003 0.001* 0.001*
C. gracilis s.l. included but C. gracilis subsp. vulnerata excluded 0.003 0.001* 0.001*
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on the Lutzoni et al. (2004) method). The incongruence
among loci can be attributed to either recombination, gene
flow or incomplete lineage sorting. The two tests used to
determine the existence of interlocus recombination,
namely association index test and PTLPT test, did not
find evidence for recombination. This is consistent with
the hypothesis that differences among loci are due to
incomplete lineage sorting, according to Fontaine et al.
(2010). This hypothesis is also supported by the low
number of unique fixed polymorphisms in the clades
rendered by the combined analyses (Table 5). However,
most of the intralocus recombination analyses did not find
recombination signals, but the PHI test did find recombi-
nation in the ITS rDNA and RPB2 data sets. We interpret
these as sporadic recombination events. In other groups of
lichenized fungi these sporadic recombination events have
also been found (Nelsen and Gargas 2009). Therefore, our
results indicate that, during the speciation processes in the
C. gracilis group, both processes (gene flow and recent
speciation) discussed by Fontaine et al. (2010) shaped the
phylogeny in these lichenized fungi.
The phylogenetic analyses based on three or four loci did
not separate C. coniocraea and C. ochrochlora into
monophyletic groups, agreeing with the suggestion of them
being synonymous (Wirth 1995; Thomson 2003). Addi-
tionally, we tested using the SH and ELW tests whether our
data set is sufficient to reject the monophyly of these two
species. Both tests significantly rejected monophyly of C.
coniocraea and C. ochrochlora. Based on morphology,
most authors consider them as distinct species, although it
is often mentioned that they are difficult to distinguish
(Brodo et al. 2001; Awasthi and Ahti 2007; Burgaz and
Ahti 2009; James 2009; Fontaine et al. 2010). The
morphological differences used to distinguish the two
species are as follows: 1) the podetium basal cortex is
longer and thicker in C. ochrochlora; 2) the presence of
discrete soralia between cortex patches in C. ochrochlora,
while C. coniocraea has diffuse soralia; 3) soredia are
larger in C. ochrochlora than in C. coniocraea; 4) presence
of broad cups in C. ochrochlora, while these are rare in C.
coniocraea, and narrow when present. Further, in C.
coniocraea the primary thallus squamules show deep
incisions, while in C. ochrochlora the squamules are in
general undivided (Hammer 1991, 1993, 1995; Ahti 2000;
Ahti and Hammer 2002). However, the PCA analysis does
not show different groups among the specimens of C.
coniocraea and C. ochrochlora. As for geographical
distribution, some differences have been reported between
both taxa, C. ochrochlora basically having a cosmopolitan
distribution, whereas C. coniocraea is restricted to the
Northern Hemisphere (Ahti 1980b; Ahti 2000). However,
Schwerdtner and Cordes (1992), consider that the features
which distinguish C. coniocraea and C. ochrochlora are
morphological adaptations to different environmental con-
ditions of a single species. Our results support this
interpretation.
The only sample of C. cornuta subsp. groenlandica
included in this study clustered within the clade including
C. coniocraea and C. ochrochlora. This subspecies is
morphologically similar to C. ochrochlora (Ahti 1980a;
Hammer and Ahti 1990; Brodo and Ahti 1996; Brodo et
al. 2001). The subspecies, however, is distinguished from
C. ochrochlora in having a thin stereome, which is thick
and hard in C. ochrochlora (Ahti 1980b); more
frequent and wide cups in C. cornuta subsp. groenlandica
than in C. ochrochlora; and the podetia color. While
C. ochrochlora varies from yellowish green to greyish,
the podetia tend to be more brownish in C. cornuta
subsp. groenlandica (Brodo and Ahti 1996). SH and ELW
tests rejected the hypothesis that C. cornuta subsp.
groenlandica forms a monophyletic group with C.
Fig. 4 Principal component analysis (PCA) based on seven morpho-
logical and anatomical variables of C. coniocraea and C. ochrochlora
Table 4 Homoplasy measures of individual characters in the C.
gracilis group
Character CI RI
Atranorin 0.25 0.667
Scyphous podetia 0.111 0.111
Corticate podetia 0.5 0.9
Presence of soralia 0.333 0.333
Squamules on podetia 0.25 0.5
Lateral perforation on podetia 0.25 0.4
Podetial wall thickness 0.143 0.25
White medullary spots 0.333 0.333
Podetial base color 0.4 0.4
Cup width 0.5 0.0
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cornuta subsp. cornuta. Consequently, we consider C.
cornuta subsp. groenlandica together with C. coniocraea
and C. ochrochlora as a single species. The oldest
available name for this taxon is C. coniocraea (Ahti and
DePriest 2005).
The specimens of C. ecmocyna form a monophyletic
clade strongly supported in MP and ML analyses, but in
the Bayesian analysis this clade lacks support (pp=0.72).
The three specimens included in the combined analyses
belong to C. ecmocyna subsp. ecmocyna. This taxon is
characterized by glaucous podetia with a yellow base,
and by containing fumarprotocetraric acid and atranorin
(Dahl 1950; Ahti 1980a). In spite of its large morpho-
logical variability, which caused the description of
numerous forms and subspecies (Thomson 1968; Ahti
1980a; Brodo and Ahti 1996), its species rank has not
been questioned.
The two specimens of C. cornuta subsp. cornuta form
a monophyletic group, with high support in all the three
analyses. In previous studies based on single locus
analyses of ITS rDNA and PKS sequences, this taxon
was not monophyletic (Fontaine et al. 2010). Morpholog-
ically it is similar to C. ochrochlora, from which it can be
readily distinguished by having longer, brownish and
generally unbranched podetia, and soredia that are
restricted to the podetial ends or upper half of the
podetium (Ahti 1980a; Stenroos et al. 1992; James
2009). The SH and EWL tests rejected the hypothesis
that this taxon were closely related to the clade consisting
of C. coniocraea and C. ochrochlora.
In the phylogenetic analyses, C. gracilis s.l. is not
resolved as a distinct entity. As regards to the infraspecific
taxa of C. gracilis, only C. gracilis subsp. vulnerata forms
a monophyletic clade; the remaining subspecies are
polyphyletic. In addition, the alternative hypothesis tests
rejected the monophyly of C. gracilis subsp. gracilis and
C. gracilis subsp. turbinata. The monophyly of C. gracilis
subsp. elongata was rejected only by the ELW test. These
Table 5 Unique fixed polymorphisms in the highly supported clades resulting from the combined matrix analyses
Samples RPB2 ITS IGS
9 141 237 343 804 33 429 447 466 158 207 209 226 267 289 302 304
C. ochrochlora 1 T G C C A C A T C T T C C T T G C
C. ochrochlora 2 . . . . . . . . . . . . . . . . .
C. ochrochlora 3 . . . . . . . . . . . . . . . . .
C. ochrochlora 4 . . . . . . . . . . . . . . . . .
C. coniocraea 1 . . . . . . . . . . . . . . . . T
C. coniocraea 2 . . . . . . . . . . . . . . . . .
C. coniocraea 3 . . . . . . . . . . . . . . . . .
C. coniocraea 4 . . . . . . . . . . . . . . . . .
C. cornuta subsp. groenlandica . . . . . . . . . . . . . . . . .
C. ecmocyna 2 C C T T G . . . . C C T T . . . G
C. ecmocyna 3 C C T T G . . . . C C T T . . . G
C. ecmocyna 1 C C T T G . . . . C C T T . . . G
C. cornuta subsp. cornuta 1 C C T T G T . C T . . . . . . T .
C. cornuta subsp. cornuta 2 C C T T G T . C T . . . . . . T .
C. gracilis subsp. vulnerata 1 N C T T G . C . . . . . . C C . .
C. gracilis subsp. vulnerata 2 C C T T G . C . . . . . . C C . .
C. gracilis subsp. elongata 1 C C T T G . . . . . . . . . . . .
C. gracilis subsp. elongata 2 C C T T G . . . . . . . . . . . .
C. gracilis subsp. turbinata 1 C C T T G . . . . . . . . . . . .
C. gracilis subsp. turbinata 2 C C T T G . . . . . . . . . . . T
C. gracilis subsp. gracilis 1 C C T T G . . . . . . . . . . . T
C. gracilis subsp. gracilis 2 C C T T G . . . . . . . . . . . .
C. gracilis subsp. gracilis 3 C C T T G . . . . . . . . . . . .
C. gracilis subsp. gracilis 4 C C T T G . . . . . . . . . . . .
C. gracilis subsp. gracilis 5 C C T T G . . . . . . . . . . . T
C. macroceras 1 C C T T G . . . . . . . . . . . .
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results agree with those found by Fontaine et al. (2010).
The two samples of C. gracilis subsp. vulnerata form a
monophyletic clade, but this relationship is only supported
in the Bayesian analysis. This subspecies occurs in North
America and Eastern Asia (Ahti 1980a). It is characterized
by pale green podetia with a dark base and abundant
lateral perforations (Ahti 1980a; Brodo and Ahti 1996). It
is morphologically similar to C. maxima, which, however,
seldom has perforations and has yellowish podetial bases.
The available data are insufficient to draw any taxonom-
ical conclusion in this case; this would require a wider
study with additional samples.
Conclusions
The large amount of taxonomic uncertainty in the
Cladonia gracilis group is due to a high amount of
homoplasy in the morphological characters. Characters
such as the presence of a black basal podetial zone, the
presence of white medullary spots on the podetia, the
presence of atranorin and the presence of lateral perfo-
rations are inconstant within several taxa, yielding low CI
and RI values (Table 4). The variable nature of these
characters can indicate that they are influenced by
environmental conditions or they can be different stages
of development. An example is the presence of white
medullary spots (that appear in C. ecmocyna and C.
macroceras) on the podetia in Cladonia subrangiformis or
C. rangiformis, to which some authors attribute a scarce
taxonomical value, deeming that these spots could be a
response to unfavorable conditions (Sandstede 1931) or
the accumulation of calcium oxalate in calcareous habitats
(James 2009). Another example is the presence of discrete
soralia in C. ochrochlora which Hammer (1993) considers
a stage development. The presence of scyphi and their
morphology (especially their width) are the most impor-
tant characters to distinguish the intraspecific taxa in C.
gracilis. However, they are strongly homoplasious char-
acters. The development of scyphose or subulate podetia
is a capacity present in all the taxa within the C. gracilis
group, with the exception of C. gracilis subsp. turbinata,
which always and exclusively develops podetia with
scyphi (Ahti 1980a).
The morphological character homoplasy in the Cladonia
gracilis group is not unexpected, since Stenroos et al.
(2002) found that most sections in the genus Cladonia were
circumscribed based on homoplasious characters. Within
the genus, the presence of atranorin, the presence of scyphi
or soredia are homoplasious characters. Possibly, the
phenotypical plasticity of many characters has not been
well documented; as a result, the taxonomical value of
many characters remains uncertain.
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Appendix 1
Table 6 Character matrix
Samples 1 2 3 4 5 6 7 8 9 10
C. ochrochlora 1 0 0 0 1 0 1 1 0 0 -
C. ochrochlora 2 0 0 0 1 0 1 1 0 0 -
C. ochrochlora 3 0 0 0 1 0 0 1 0 0 -
C. ochrochlora 4 0 0 0 1 0 0 1 0 0 -
C. coniocraea 1 0 0 0 0 0 0 1 0 0 -
C. coniocraea 2 0 0 0 0 0 0 1 0 0 -
C. coniocraea 3 0 0 0 0 0 0 1 0 0 -
C. coniocraea 4 0 0 0 0 0 0 0 0 0 -
C. cornuta subsp.
groenlandica
0 1 0 0 0 0 1 0 0 0
C. ecmocyna 2 1 0 1 0 1 0 1 1 2 -
C. ecmocyna 3 1 0 1 0 1 0 1 1 2 -
C. ecmocyna 1 1 0 1 0 0 0 1 0 2 -
C. cornuta subsp.
cornuta 1
0 0 0 0 0 0 1 0 0 -
C. cornuta subsp.
cornuta 2
0 0 0 0 0 0 1 0 0 -
C. gracilis subsp.
vulnerata 1
0 0 1 0 0 1 0 0 0 -
C. gracilis subsp.
vulnerata 2
0 1 1 0 0 1 0 0 0 0
C. gracilis subsp.
elongata 1
1 1 1 0 0 0 0 0 1 0
C. gracilis subsp.
elongata 2
0 0 1 0 1 1 0 0 0 -
C. gracilis subsp.
turbinata 1
0 1 1 0 0 0 0 0 0 1
C. gracilis subsp.
turbinata 2
0 1 1 0 0 1 1 0 1 1
C. gracilis subsp.
gracilis 1
1 0 1 0 0 0 0 0 0 -
C. gracilis subsp.
gracilis 2
0 1 1 0 0 0 1 0 0 0
C. gracilis subsp.
gracilis 3
1 1 1 0 0 0 0 0 0 0
C. gracilis subsp.
gracilis 4
0 1 1 0 0 0 0 0 0 0
C. gracilis subsp.
gracilis 5
0 1 1 0 0 0 1 0 0 0
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Appendix 2. Incongruent samples excluded to the analyses
Cladonia cornuta subsp. cornuta. Spain, Soria, A. R.
Burgaz (MACB 94344). JN811404, JN811433, JN811371.
Cladonia cornuta subsp. cornuta. Canada, Newfound-
land, J. C. Lendemer & A. Moroz (H). JN811403,
JN811434, JN811371.
Cladonia gracilis subsp. elongata. Chile, Región XII,
Magallanes y Antártica Chilena, A. R. Burgaz (MACB 91963).
JN811405, JN811435, JN811372.
Cladonia gracilis subsp. gracilis. Finland, Tavastia
Proper, H. Väre (H). JN811406, JN811432, JN811370.
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         
          


           





  

             
             
        
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           



   
   
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
            

          
         






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141
 



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            


            
         

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  
  
  
  
  
  
  
  
  
  
  
  
  
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 
   .         
 
          


      
           
        
 
           
         
           

            

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
            
              
            



    
  
          

          
         
    
              
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



         
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           
     
         

            
          


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




       


            

       
            
      







         
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
            

  
           


           

 





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
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    







     
         
          

 
          

    
   

           


            
          

 


         
          

   
           

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

           
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












































































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


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





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
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

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



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






























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































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















































































































163



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





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
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
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

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


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
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
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

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















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

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



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

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
















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
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



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

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





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









































































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

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




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
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


















































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


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

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








































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
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
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
≥
         
           

 

       


           

             
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
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   
   
   
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

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         
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


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
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    

           
         
           
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            
            
             
             


             
      

           
     
            
      

        
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
           
 
            



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
          
          
  
            


 

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




           
          
          




           
       
         
         
           




             
    
      



             





            
           



        
          

         





      


             
          
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

       




            
          
         
           
          




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


 
 
          




           
       


          
          


 
            
           


 


            


            
           


           

   



    



          






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




          
           
         



232





















         



           


          

 
          

        
       



           

            
     










         


         
          
      


           

          
        
       



235




            

           

         
       
      





       


         
       






      


    




          
        

      
       

           
         


       

           

         

236


     


          
        
      

             
       

          

         

            

          

         

    

       

           
       

           
        


  


       

         



           






         


237


        


          
        
          

           
     

      

      
       

          


       

           


            
      




        

          


       

            
        


         

           

        


          
         

238


      


       


        
      


        


   

          
        


 



          
         
        
       

             

          
      



  
        


    

           
      


 

         
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


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



            



        

       
       
        


         



 
       

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






           


  
             

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